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EXECUTIVE  SUMMARY 

Introduction 

This  report  presents  the  concepts  and  mathematical  founda- 
tions for  the  use  of  new  schemes  with  which  to  base  decisions  for 
pavement  maintenance  priorities.   We  believe  that  more  informa- 
tion about  the  quality  of  pavement  and  the  severity  of  the  dis- 
tress exhibited  by  the  pavement  is  contained  within  these  new 
schemes  than  in  the  conventional.   This  can  allow  the  inclusion 
of  more  relevant  information  in  the  decision-making  process  than 
is  now  possible.   This  executive  summary  attempts  to  lay  bare 
this  process  and  show  how  the  new  schemes  perform  their  function. 

The  many  highway  pavement  sections  in  Indiana  are  in  many 
different  states  of  soundness  or  disrepair.  Maintenance  budgets, 
however,  are  limited.   Thus,  decisions  must  be  made  on  which  sec- 
tions most  deserve  repair  during  a  given  year.   In  addition,  cri- 
teria must  be  available  for  making  these  decisions.   In  Indiana, 
as  well  as  in  many  other  states,  the  objective  of  the  maintenance 
program  is  to  maximize  pavement  "rideability".  The  system  essen- 
tially involves  two  steps:  initial  screening  and  decision  making. 

The  initial  screening  is  performed  to  identify  sections 
requiring  maintenance.   This  operation  requires  input  from  high- 
way users  and  engineers  on  performance  characteristics  of  pave- 
ment sections,  and  on  the  levels  of  those  characteristics  that 
suggest  unsatisfactory  performance.   The  screening  process 
results  in  the  characterization  of  pavement  sections  into  several 
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maintenance  categories. 

The  decision-making  operation  follows  the  initial  screening 
to  provide  a  rank -ordering  of  pavement  sections  within  each 
maintenance  category.   The  decision  process  requires  the  delinea- 
tion of  variables,  criteria  and  attributes  which  are  appropriate 
for  each  maintenance  category.   This  information  can  only  be  pro- 
vided by  experienced  engineers  and  decision-makers.   Expert 
information  is  also  needed  to  assess  the  interactions  existing 
among  the  selected  criteria  and  attributes.   Once  this  expert 
knowledge  base  is  established,  it  can  be  used  by  engineers  to 
rank  pavement  sections  for  as  long  a  time  as  the  data  are  deemed 
relevant.   Only  performance  and  traffic  data  (i.e.  ,  values  of 
attributes)  are  required,  then,  for  the  pavement  sections  to  be 
examined. 

In  this  report,  techniques  are  proposed  to  acquire  the 
knowledge  base  required  by  a  pavement  management  system. 
Mathematical  procedures  are  also  developed  to  organize  this 
information  in  a  computerized  decision-making  model  which  makes 
allowance  for  the  interactions  among  the  different  attributes. 

This  report  has  three  goals: 

1.   To  describe  the  mathematical  techniques  used  in  both  the 
initial  screening  and  the  decision  process; 
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2.  To  develop  the  framework  (set  of  questionnaires)  which  can 
be  used  to  acquire  the  expert  knowledge  base; 

3.  To  provide  simple  numerical  examples  of  application  of  the 
mathematical  techniques  (these  examples  are  simple  enough  so 
that  the  reader  can  check  them  by  hand  calculations;  they 
are  provided  to  show  that  the  mathematical  intricacies  are 
only  basic  algebraic  operations).   Note  that  all  the 
mathematical  techniques  have  been  computerized  for  future 
use. 

This  report  should  be  read  in  conjunction  with  the  companion 
report  by  Andonyadis  et  al.  (1985).   The  companion  report 
describes  how  the  mathematical  techniques  can  be  used  in  the 
pavement  management  system.   It  has  four  goals: 

1.  To  provide  simple  physical  interpretations  of  the  mathemati- 
cal techniques; 

2.  To  use  the  answers  to  questionnaires  presented  in  this 
report  to  acquire  a  typical  knowledge  base; 

3.  To  show  in  selected  examples  how  the  knowledge  base  can  be 
used  to  screen  and  prioritize  pavement  sections; 

A.   To  make  recommendations  for  future  implementation  of  the 
proposed  management  system. 

In  this  context,  the  following  sections  of  this  summary  highlight 
the  important  steps  of  the  methodology  proposed  in  this  report. 
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The  reader  who  is  not  interested  in  the  theoretical  concepts 
behind  these  steps  can  concentrate  on  the  companion  report 
(Andonyadis  et  al. ,  1985)  to  see  their  use,  making  reference  to 
this  report  as  needed. 

Initial  Screening  and  User  Input 

Road  users  formally  play  a  major  role  in  evaluating  the 
quality  called  rideabillty  through  the  concept  of  the  Pavement 
Serviceability  Rating  (PSR).   The  PSR  reflects  raters'  opinions 
of  the  rideabillty  of  a  selected  number  of  pavement  sections. 
Each  rater  is  asked  to  state  his  view  on  the  rideability  of  each 
section  on  a  scale  of  0  to  5  (poor  to  excellent);  the  PSR  of  the 
section  is  defined  as  the  mean  value  of  all  raters'  opinions. 
This  subjective  rating  is  the  datum  from  which  the  maintenance 
program  is  developed,  because  everything  that  follows  will  tie 
back  to  it. 

To  reduce  the  need  for  many  rating  panels,  a  mechanical  dev- 
ice, the  PCA  Roadmeter,  that  measures  "roughness"  is  used  on  each 
rated  section.   A  statistical  correlation  is  then  prepared 
between  Roadmeter  Reading  and  PSR  and  the  rideability  value  that 
is  predicted  from  the  equation  is  called  the  Pavement  Servicea- 
bility Index  (PSI).   Hence,  all  pavement  sections  can  be  screened 
efficiently  by  use  of  the  Roadmeter.   Then,  the  PSI  of  each  sec- 
tion is  compared  to  an  Acceptable  Serviceability  Index  (ASI)  to 
determine  the  next  course  of  action.   In  Indiana,  the  PSI  is 
defined  on  a  scale  of  0  to  5,  and  2.5  is  used  as  ASI.   Those 
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sections  having  PSI  below  2.5  are  considered  excessively  rough. 
This  is  the  first  decision  point  to  sort  out  sections  to  be  con- 
sidered for  maintenance  in  the  existing  framework. 

Two  observations  deserve  to  be  made  at  this  point.   First, 
the  opinion  of  the  rater  contains  uncertainty  and  imprecision,  if 
only  because  judgment  has  vagueness  attached  to  it  in  the  quanti- 
tative sense.   Secondly,  different  raters  have  different  degrees 
of  perceptiveness  of  what  the  roughness  implies,  e.g.,  someone 
who  knows  how  pavements  perform  can  infer  that  the  roughness  is 
caused  by  a  defect  that  generally  enlarges  quickly  and,  thus, 
this  is  a  hazard  that  requires  quick  attention.   The  entire  gamut 
of  road  user  deserves  involvement  in  ratings,  but  advantage 
should  be  taken  of  the  extra  perceptiveness  that  some  raters 
exhibit. 

These  thoughts  can  be  included  in  the  new  scheme.   The  rater 
is  not  asked  for  a  single  value  of  rideability  but  for  weights  on 
a  scale  of  0  to  1  that  he  wants  to  attach  to  each  possible  rating 
value  that  is  available  to  him.   This  represents  his  belief  in 
each  value  and  provides  a  central  tendency  to  his  opinion  as  well 
as  a  range  to  encompass  the  uncertainty  in  his  judgment.   Each 
rater  can  provide  such  a  belief  function,  called  the  "membership 
function,"  for  each  section. 

With  expert  information  provided  from  the  judgment  of  high- 
way pavement  managers,  a  perceptiveness  weighting  can  be  attached 
to  each  rater's  opinions.   The  mathematical  bases  for  assembling 
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all  those  various  "opinions"  are  presented  in  this  report.  The 
result  is  a  single,  all-inclusive  membership  function  for  each 
pavement  section.   This  will  contain  the  spread  caused  by  uncer- 
tainty as  well  as  the  effects  of  perceptiveness.   Although  the 
amount  of  information  appears  to  look  more  complicated  than  that 
of  existing  techniques,  so  much  more  is  contained  in  it,  no  one's 
opinion  is  discarded,  and  it  can  be  computerized  easily.   If  the 
ultimate  judgment  on  rideability  is  that  of  the  users,  then, 
indeed,  the  "fuzzy  sets"  approach  contains  a  full  and  thorough 
assembly  of  these  judgments. 

Let  us  turn,  then,  to  the  mechanical  measurement  of  rough- 
ness.  There  is  imprecision  in  the  readings.   This  imprecision 
comes  from  both  the  random  uncertainty  in  the  measurement  as  well 
as  from  the  human  involvement  in  the  procedures.   This  report 
addresses  the  correlation  between  Roadmeter  Reading  (RR)  and  the 
new  "fuzzy  PSR"  in  two  ways:   (1)  as  if  RR  were  a  crisp,  deter- 
ministic, reproduceable  number;  and  (2)  as  if  RR  were  also  a 
vague  number  described  by  a  membership  function  to  account  for 
its  irreproduceability  and  imprecision.   Expert  knowledge, 
through  responses  to  questionnaires  distributed  to  elicit  the 
judgment  of  these  experts,  was  used  in  the  "fuzzif ication"  of  RR. 
The  report  provides  a  program  to  assemble  RR  data  and  to  relate 
these  data  to  the  PSR  data  described  earlier.   This  program 
allows  the  creation  of  the  "fuzzy"  PSI  to  describe  each  pavement 
section.   At  this  point,  then,  each  section  is  described  as  to 
roughness  and  rideability  and  these  are  related  to  the  basic 
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rater  opinions.  The  relation  is  a  comprehensive  one  containing 
all  the  judgment  about  performance  that  can  be  extracted  from  the 
opinions. 

The  matter  of  what  is  an  acceptable  roughness,  the  ASI,  is 
also  one  of  judgment,  and  it  represents  the  first  decision  point 
in  the  global  decision  process.  Different  people  will  recognize  a 
section  as  hazardous  (i.e.,  in  need  of  maintenance)  at  different 
stages  of  roughness,  as,  for  example,  their  perception  of  costs 
and  degree  of  hazard  differ.  The  new  scheme  makes  allowance  for 
this  imprecision  in  the  decision  process.   Experts  were  asked: 
(1)  above  what  PSI  value  is  a  pavement  totally  acceptable  for 
traffic;  (2)  below  what  PSI  is  a  pavement  totally  inadequate. 
The  responses  were  used  to,  first,  create  an  Acceptable  Servicea- 
bility Range.   This  Range  contains  the  varied  judgments  of  the 
different  experts  as  to  what  is  acceptable.   Similarly,  a  Non- 
Acceptable  Serviceability  Range  is  also  created;  this  one  is  not 
necessarily  the  complement  of  the  other,  because  judgments  are 
involved  and  there  is  a  domain  of  PSI  values  where  decisions  on 
acceptability  are  difficult  to  make.   These  two  ranges  are 
membership  functions  which  contain  a  complete  representation  of 
the  judgment  and  experience  of  the  experts. 

This  report  contains  the  mathematical  bases  for  comparing 
the  fuzzy  PSI  of  a  section  with  the  fuzzy  Acceptable  Serviceabil- 
ity Range.   An  index  describing  how  well  the  section  "belongs"  to 
the  acceptable  range  is  obtained  for  each  section.   Also  obtained 
is  a  separate  index  for  each  section  describing  how  well  it 
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belongs  to  the  unacceptable  range.   The  criterion  in  the  report 
says  if  the  acceptability  index  is  the  larger,  the  section  has 
acceptable  roughness. 

The  skid  resistance  of  pavements  with  acceptable  roughness 
is  measured  to  obtain  a  friction  number  used  to  identify  sections 
which  are  too  smooth  for  safety.   Four  sources  of  variation 
affect  the  measurements  made  with  a  skid-tester:   (1)  inability 
of  repetition;  (2)  variations  along  pavement  sections;  (3)  uncer- 
tainty associated  with  conversion  favors;  and  (4)  variability  due 
to  statistically  insignificant  factors.   It  is  shown  in  this 
report  that,  although  part  of  this  uncertainty  is  random  in 
nature,  system  uncertainly  also  plays  a  major  role  and  several 
procedures  are  suggested  to  make  allowance  for  it.   Following  the 
approach  already  taken  for  RR  and  PSI,  expert  opinions  were 
sought  again  on  what  is  acceptable  and  unacceptable  FN.   This  is 
followed  by  the  assembly  of  those  sections  requiring  attention, 
in  accordance  with  the  previous  decision  criterion. 

For  the  initial  screening  of  pavements,  the  "fuzzy  perfor- 
mance data",  fuzzy  PSI  and  FN,  are  compared  with  acceptable  and 
unacceptable  serviceability  and  friction  ranges,  respectively. 
The  comparison  technique  provides  indices  describing  the  degree 
of  belongingness  of  a  given  pavement  section  to  the  acceptable 
and  unacceptable  ranges,  respectively. 
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This  provides  a  criterion  to  classify  pavement  sections  into 

three  categories: 

1st   2nd   3rd 

PSI   OK    No    OK 
FN    No    N/A   OK 

Today,  in  Indiana,  category  II  pavements  are  ranked  using 
the  PSI-RR  data,  FN,  and  traffic  count  (ADT).   This  report  recom- 
mends inclusion  of  distress  surveys.   It  shows  how  to  create  the 
membership  functions  which  contain  the  judgment  of  each  survey 
member  on  various  aspects  and  types  of  distress.   These  com- 
ponents are  weighted,  and  the  results  of  crew  members  are  assem- 
bled for  each  section.   We,  thus,  have  a  fuzzy  Pavement  Condition 
Rating  (PCR);  it  contains  the  combined  judgments  of  all  crew 
members,  including  their  individual  different  perceptiveness  on 
the  import  of  the  distress,  and  is  a  description  of  the  distress 
exhibited  by  the  section.   The  procedures  have  been  created  to 
allow  inclusion  of  distress  severity  in  the  maintenance  ranking 
procedure. 

The  Decision  Process 

At  this  stage,  the  goal  of  a  pavement  management  system  is 
to  provide  decision-makers  with  a  ranking  of  pavement  sections  in 
any  desired  category.   The  ranking,  or  state,  of  a  pavement 
belonging  to  any  one  of  the  three  categories  can  be  represented 
by  a  number  of  attributes  that  the  decision-makers  believe  to  be 
important  for  a  decision  on  maintenance  urgency. 
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For  category  I  sections,   FN,  average  daily  traffic  (ADT), 
and  approximate  cost  have  been  deemed  decision  variables  (or 
attributes).   Assuming  cost  is  related  to  FN,  the  two  main  attri- 
butes are  FN  and  ADT.   For  category  II  sections,  the  report 
presumed  PCR,  ADT,  and  cost.   Assuming  that  the  cost  is  a  func- 
tion of  the  PCR  and  deflection  measured  under  the  Dynaflect,  the 
three  main  attributes  for  this  category  are  PCR,  ADT,  and  deflec- 
tion.  For  category  III  pavements,  future  service  life  is  the  key 
issue.   Using  presently  established  performance  vs.  time  curves 
(PSI  or  FN  vs.  time),  the  service  lives  of  each  section  can  be 
assessed  as  a  fuzzy  number  because  of  the  imprecise  nature  of  the 
input  variables.   These  two  attributes  can  serve  in  the  decision 
process,  and  a  ranking  can  be  made  on  the  basis  of  perceived  need 
for  future  maintenance. 

The  selection  of  attributes  in  this  study  for  each  category 
was  guided  by  present  practice  in  IDOH.  The  proposed  technique  is 
not  limited  to  these  attributes.   If  it  is  felt  desirable,  the 
Indiana  Department  of  Highways  may  remove  some  of  these  attri- 
butes or  add  other  attributes.   This  only  requires  the  develop- 
ment of  the  knowledge  base  for  the  new  attributes,  following  the 
same  approach  used  in  this  report  for  the  above  attributes.   This 
is  further  discussed  in  the  report  by  Andonyadis  et  al.  (1985) 
where  ADT,  FN  and  PCR  are  used  for  the  first  category  of  pave- 
ments, and  ADT,  PSI  and  PCR  for  the  second  category.   These 
latter  selections  were  guided  by  discussion  with  engineers  from 
IDOH  and  by  the  responses  to  the  questionnaires. 
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The  key  to  the  decision  making  scheme  presented  in  this 
report  is  the  creation  of  the  component  of  the  knowledge  base 
that  can  be  labelled  "utility  functions."  Techniques  have  been 
developed  to  construct  this  knowledge  base  from  the  responses  of 
highway  experts  to  questions  such  as:   "If  the  PCR  is  70.0  and 
the  dynaflect  reading  is  0.001  inch  for  an  unacceptably  rough 
pavement  with  an  ADT  of  3000,  what  relative  priority  would  you 
assign  on  a  scale  of  1-10?".   An  expert  can  assign  such  a  subjec- 
tive value  based  on  heuristic  rules  that  have  come  through  years 
of  pavement  management  experience. 

A  matrix  of  decision  criteria  is  created  from  the  decision- 
makers' judgment  of  relative  priorities  obtained  for  a  selected 
combination  of  attribute  values  relevant  to  each  category.   Then, 
using  the  techniques  presented  in  the  report,  the  assembly  of 
attribute  data  is  related  to  the  expert  knowledge  base  to  rank 
pavement  sections  within  any  of  the  three  pavement  categories. 

It  is  important  to  note  that  the  ranking  provided  by  the 
proposed  decision-making  scheme  is  crisp.   For  example,  process- 
ing of  PCR,  ADT  and  deflection  data  available  for  50  sections 
within  the  second  category  will  result  in  a  ranking  of  these  sec- 
tions from  1  to  50.   The  section  with  the  lowest  rank  requires 
maintenance  first. 

Concluding  Remarks 

The  new  scheme  proposed  in  this  report  is  founded  upon  the 
judgments  of  experts  in  various  aspects  of  pavement  performance. 
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There  is  much  uncertainty  present  yet  today  in  the  understanding 
of  this  performance,  i.e.,  judgment  is,  indeed,  involved  in 
establishing  maintenance  urgency.   The  fuzzy  sets  mathematics 
appears  to  be  very  effective  in  handling  this  uncertainty  and 
judgment.   It  is  fully  consistent  with  the  manner  in  which  deci- 
sions are  made,  and  it  creates  a  crisp  ordering  of  pavement  sec- 
tions according  to  maintenance  priorities.   Because  more  informa- 
tion about  quality  of  pavement  and  severity  of  distress  is  con- 
tained in  this  scheme  than  in  the  conventional,  the  authors  con- 
sider this  scheme  a  major  improvement  and  worthy  of  implementa- 
tion. 

The  knowledge  base  required  by  the  new  scheme  is  composed  of 
five  parts: 

1.  variability  in  PSR,  RR,  FN,  PCR; 

2.  ratings  of  a  panel  of  users; 

3.  PSR-RR  relationship; 

4.  acceptable  and  nonacceptable  levels  of  PSI  and  FN; 

5.  utility  values  (i.e.,  the  matrix  of  decision  criteria). 

It  is  important  to  note  that  once  the  knowledge  base  is  esta- 
blished, the  performance  and  traffic  parameters  for  the  pavements 
to  be  ranked  are  the  only  data  required  in  the  analysis.   This  is 
illustrated  in  Figure  E.l,  which  shows  a  flow-chart  of  operation. 
The  user's  intervention  is  limited  to  the  left  side  of  the  flow 
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chart  (input).   The  knowledge  base  and  mathematical  operations 
are  entirely  computerized. 

As  in  all  decision-making,  the  knowledge  base  and  criteria 
do  deserve  re-examination  periodically.   A  given  knowledge  base 
is  available  for  use  as  long  as  IDOH  considers  the  contents  to  be 
relevant  to  pavement  management.   It  can  be  changed  readily  when 
new  data  appear  more  appropriate  or  if  the  state-of-the-art 
and/or  experts'  judgement  changes.   This  would  require  only  the 
development  of  the  related  component  of  the  knowledge  base,  using 
the  same  approach  as  herein.   Following  this,  ranking  procedures 
are  the  same,  using  the  improved  reference  datum. 
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CHAPTER  1  :  INTRODUCTION 

Uncertainty  In  engineering 

The  practice  of  engineering  has  required  the  use  of  experi- 
ence and  judgment  throughout  history.  As  scientific  knowledge 
increased,  engineering  gained  a  more  scientific  base,  but  rules 
of  thumb  and  engineering  judgment  are  still  used  extensively.  At 
present,  theoretical  or  empirical  techniques  are  available  to 
assess  an  engineering  problem  and  make  technical  decisions.  How- 
ever, even  the  most  sophisticated  techniques  cannot  take  into 
account  all  the  issues  of  the  problem.  This  is  the  case  espe- 
cially with  uncertainty  that  may  be  involved  in  certain  com- 
ponents or  variables.  Consequently,  engineering  decisions  are 
often  based  on  a  combination  of  objective  scientific  knowledge 
and  subjective  engineering  judgment  regarding  uncertain  areas. 

The  uncertainty  surrounding  any  engineering  problem  is  basi- 
cally of  two  types.  One  is  random  uncertainty  ,  which  derives, 
entirely  from  the  random  nature  of  parameters  describing  a  sys- 
tem. Analytical  techniques  embodied  in  reliability  theory  concen- 
trate on  random  uncertainty.  The  other  type,  which  covers  human 
based  uncertainty  and  system  uncertainty  derive  from  a  "vague- 
ness" of  a  proposition,  or  a  lack  of  precision  of  an  event  or  a 
lack  of  understanding  of  a  system.  To  analyse  this  type  of 


uncertainty,  a  mathematics  which  is  directed  at  "vagueness"  is 
required.  This  is  the  potential  role  of  fuzzy  sets  theory. 
Engineering  activities  such  as  pavement  management,  which  exhi- 
bits these  characteristics  of  uncertainty,  can  certainly  benefit 
from  the  use  of  this  theory. 

Pavement  mangement  system 

In  view  of  the  major  national  investment  in  the  highway  net- 
work, a  sound  pavement  management  system  (PMS)  is  a  major  concern 
of  civil  engineers  in  the  country.   It  is  a  tool  that  provides 
decision-makers  at  all  management  levels  with  information  and 
procedures  necessary  to  optimize  the  design  and  maintenance  of 
pavements  at  the  network  level.   Therefore,  evaluation  of  project 
pavement  performance,  priority  establishment  and  selection  of 
maintenance  and  rehabilitation  strategies,  all  fall  within  the 
framework  of  a  pavement  management  system.  In  other  words,  a  PMS 
should  permit  determination  of  the  road  on  which  an  action  is 
needed,  the  type  of  action  required,  and  when  this  action  should 
be  scheduled. 

An  overview  of  various  pavement  management  systems  reveals 
that  a  PMS  is  highly  specific  and  particularly  structured  to  the 
attitudes,  needs  and  procedures  of  the  implementing  agency.  Con- 
sequently, many  of  the  details  of  a  PMS  must  be  fitted  to  or 
molded  by  the  implementing  agency  itself.  Nevertheless,  signifi- 
cant portions  of  the  development  and  implementation  work  involved 
in  organizing  and  operating  a  PMS  are  potentially  applicable  to  a 


wide  variety  of  uses.  Most  highway  agencies  collect  the  follow- 
ing performance  data  which  are  primarily  used  to  assist  in  making 
decisions  on  pavement  management  and  rehabilitation: 

1.  Roughness  or  rideability 

2.  Skid  resistance 

3.  Structural  adequacy  or  deflection 

4.  Surface  distress  manifestation. 

The  Arizona   Department   of   Transportation  uses   a  Mays-meter, 
a  Mu-meter  and  a  Dynaflect   to  moniter   roughness,    skid   resistance 
and  deflection,    respectively.      Distress   surveys   are   conducted 
visually   by  a   crew  using  a   crack   guide.      In  Arizona,    they  use  all 
four  kinds   of   data  along  with  age  and  average   daily   traffic 
counts    (ADT)   of    the   pavement,    to   obtain  a   score   for   maintenance 
priorities. 

In  California,    PCA  meters   and  skid-testers   are  used  for  mak- 
ing  rideability  and   skid  measurements.   Distress    is   determined  by 
a  crew,    but   deflection  measurements   are   not   performed  on  a  sys- 
tematic  basis.   Priority   categories   are   formed  by   considering   ride 
score,   distress   data  and  ADT. 

Mays-meter,   Dynaflect   and  a   towed   two-wheeled   trailer  con- 
forming to  ASTM  E   274-40  are  used   by   the   Florida   Department   of 
Transportation   to  measure   roughness,    deflection  and  skid   resis- 
tance.  The   observation   of    rutting,    cracking  and   patching  by   a 


crew  of  raters  results  In  distress  surveys.  An  engineering  rating 
(ER)  is  determined  from  the  above  measurements,  which  along  with 
the  cost  effectiveness  (determined  by  ADT,  length  of  pavement  and 
project  costs)  determines  priorities  for  maintenance. 

The  New  York  Department  of  Transportation  does  not  have  a 
priority  assignment  phase  in  its  PMS .  Maintenance  action  is  based 
on  a  pavement  serviceability  system  where  rideability  data  are 
obtained  by  a  sophisticated  DC  differential  transducer  mounted  on 
the  floor  of  a  wagon.  Skid  data  are  collected  only  to  corroborate 
the  need  for  correction  of  excessively  slippery  pavements,  i.e. 
where  the  frequency  of  accidents  is  high.  Distress  and  deflection 
data  are  not  currently  collected  in  the  state. 

The  testing  sequence  of  the  pavement  management  system  of 
Indiana  is  shown  in  Figure  1.  Here,  as  in  most  other  states, 
pavements  are  evaluated  on  the  basis  of  all  four  properties.  A 
PCA  roadmeter  is  used  to  measure  the  roughness  which  is 
transformed  into  a  serviceability  scale;  serviceability  criteria 
are  used  for  the  initial  screening  of  road  sections.  Friction 
testing  is  then  conducted  on  pavements  with  acceptable  roughness, 
whereas  unacceptably  rough  pavements  are  surveyed  for  distress 
and  deflection.  Pavements  without  adequate  skid  resistance  are 
immediately  placed  in  the  group  of  pavements  needing  prompt 
attention.   Priorities  for  the  present  year  would  next  be  esta- 
blished using  the  results  of  these  different  evaluations.  For 
those  pavements  not  requiring  immediate  attention  it  is  necces- 
sary  to  estimate  remaining  friction  and  serviceability  lives. 
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Then,  priorities  for  future  maintenance  can  be  assigned. 

Purpose  and  scope 

Presently,  statistical  models  are  used  to  predict  the 
effects  of  various  environmental  factors  on  pavement  properties 
and  to  correlate  objective  data  in  the  evaluation  process.  Sto- 
chastic approaches  to  pavement  management  problems  suffer  from 
shortcomings,  because  of  the  following  inherent  characteristics 
of  these  problems  : 

1.  These  problems  involve  the  complex  socio-economic  environ- 
ment *, 

2.  All  the  variables  are  not  completely  defined  or  cannot  be 
precisely  measured  ; 

3.  Personnel  bias  and  sub jectiveness  enter  in  the  analysis  ; 

4.  Criteria  for  performance  are  often  defined  in  a  vague 
manne  r . 

It  is  the  author's  belief  that  fuzzy  sets  can  be  incor- 
porated in  the  PMS  to  supplement  present  analytical  models.  This 
modification  has  the  potential  of  meeting  the  demand  for  a  more 
effective  and  a  methodical  PMS,  which  is  essential  in  view  of 
limited  budget  allocations  for  highway  maintenance. 

The  purpose  of  this  investigation  is  to  provide  support  and 
procedures  for  the  use  of  fuzzy  sets  in  the  areas  where  human  and 


system  uncertainty  exist  in  Indiana's  pavement  management  system. 
The  mathematical  techniques  developed  in  the  process  are  meant  to 
be  applied  to  other  civil  engineering  problems,  and  even  other 
engineering  fields  as  well. 

Areas  where  fuzzy  sets  can  play  a  major  role  in  Indiana's 
PMS  are  marked  by  dashed  lines  in  Figure  1.  The  scope  of  this 
research  project  covers  the  following  tasks  : 

1.  Formulation  of  a  fuzzy  PSI  model  and  the  initial  screening 
of  sections  based  on  rideability  ; 

2.  Introduction  of  fuzzy  sets  concepts  to  account  for  varia- 
blity  of  measuring  instruments  ; 

3.  Identification  of  pavements  needing  prompt  attention  and  use 
of  fuzzy  decision  making  techniques  to  allocate  maintenance 
priorities  ; 

4.  Introduction  of  fuzzy  sets  concepts  in  decision  making  on 
future  priorities. 

This  report  discusses  these  tasks  and  presents  the  develop- 
ment of  appropriate  procedures  to  account  for  uncertainty  in  the 
system.  It  is  hoped  that  the  PMS  will  be  enhanced  by  such  pro- 
cedures for  the  long  term  economic  benefit  of  Indiana. 


CHAPTER  2  :  FUZZY  SETS 

Part  of  an  engineer's  technical  capability  has  to  be  the 
ability  to  choose  appropriate  theoretical  models  for  representing 
physical  systems.  This  is  known  as  system  identification.  Easily 
modelled  components  of  a  system  can  be  analysed  by  known 
engineering  techniques.  However,  the  closer  one  looks  at  a  sys- 
tem, or  the  larger  the  system  is,  the  more  complex  it  becomes.  In 
both  cases,  components  of  the  system  or  variables  within  the  sys- 
tem become  imprecisely  defined,  i.e  vague.  Experience  can  play  a 
vital  role  here,  but  mathematical  tools  are  needed  to  incorporate 
the  information  it  provides,  in  the  analysis  of  the  system. 
Experience  often  results  in  statements  such  as  "highly  variable" 
and  "more  or  less  safe"  which  present  inherent  vagueness  or  "fuz- 
ziness".  The  mathematics  of  fuzzy  sets  was  developed  to  treat 
"fuzzy"  statements  and  the  fuzziness  inherent  in  large  or  complex 
systems. 

A  fuzzy  set  is  a  class  of  objects  where  the  objects  do  not 
have  a  well  defined  criterion  of  belongingness  (membership)  to 
that  class.  "The  class  of  tall  men"  or  in  a  civil  engineering 
sense  "a  collection  of  sites  suitable  for  a  building",  are  exam- 
ples of  fuzzy  sets. 

The  fuzzy  sets  theory,  introduced  in  1965  by  Zadeh,  is 
intended  to  provide  a  systematic  procedure  to  handle  classes  of 


information  in  which  the  transition  from  membership  to  nonmember- 
ship  is  gradual  rather  than  abrupt. 

Membership  function 

If  S  is  a  conventional  set  in  the  space  X,  the  usual  charac- 
teristic function  of  S  is  defined  as  follows  : 

f(x)  =1    if   x  e  S  (la) 

f(x)  =0    if  x  {  S  (lb) 

where  the  notation   e  means  "belongs  to".  Equation  (1) 
corresponds  to  a  yes-no  decision  as  to  whether  a  given  value  x  is 
a  member  of  a  given  set  S.  On  the  other  hand,  if  A  is  a  fuzzy  set 
in  the  space  X,  the  characteristic  function  becomes  a  membership 
function   W.Cx)  which  associates  with  each  point  in  X,  a  real 
number  in  the  interval  [0,1],  The  value  of  UA(x)  at  x  represents 
the  "grade  of  membership"  of  x  in  A;  the  nearer  the  value  of 
li.(x)  is  to  unity,  the  higher  is  the  grade  of  membership  of  x  in 
A.  If  it  takes  a  value  of  unity  for  any  x,  then  A  is  a  normalized 
fuzzy  set.   In  a  mathematical  sense,  M.(x)  is  a  "restriction"  on 
the  set  of  possible  values  that  the  variable  x  can  take  (Blockley 
et  al.,1983).   When  A  is  a  well  defined  (or  ordinary)  set,  y.(x) 
can  only  take  the  two  values  1  or  0  according  to  whether  x  does 
or  does  not  belong  to  A. 

The  grade  of  membership  P.(x)  can  also  be  considered  as  the 
degree  of  support  or  belief  that  the  element  x  belongs  to  the 
subset  A.  As  an  example,  let  X  be  all  levels  of  design  quality 
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which  may  range  from  poor  (x  «  0)  to  excellent  (x  ■  10)  (Brown 
and  Yao,  1983).   Strong  and  weak  support  (belief)  for  a  particu- 
lar structure  to  be  well  designed  can  be  expressed  by  the  subsets 
A  and  B,  respectively,  as  shown  in  Table  1. 

A  more  convenient  notation  than  a  table  is  usually  adopted 
to  represent  fuzzy  sets: 


A  =  U  uA(x  )/x  (2a) 

j     J    J 

=  U.  (x  )/x.  +  ...  +  u.(x  )/x  (2b) 

All  Ann 


where  the  +  sign  is  used  in  place  of  union  as  in  ordinary  set 

theory,  and  u.(x.)  is  the  degree  of  support  for  the  value  x  .  As 
A  J  J 

an  example,  the  fuzzy  set  B  for  weak  support  in  Table  1  can  be 
written  as: 


B  =  0.1/3  +  0.4/2  +  0.7/1  +  1./0 

For  continuous  fuzzy  sets,  equation  (2a)  becomes  : 

A  =  /  wA(x)/x  (3a) 

In  the  conventional  set  theory,  sets  as  well  as  operations 
on  sets  can  be  illustrated  on  Venn  diagrams.  Fuzzy  sets  are  con- 
ventionally depicted  by  a  plot  of  membership  function  against  the 
variable.  Figure  2  shows  such  a  plot  for  a  continuous  fuzzy  set  A 
in  the  space  X. 
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Table  1.   Supports  for  a  'good1  design 


r 

Design  quality 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

X 

strong  support 

1 

0.7 

0.4 

0.1 

0 

0 

0 

0 

0 

0 

0 

A 

weak  support 

0 

0 

0 

0 

0 

0 

0 

0.1 

0.4 

0.7 

1 

B 

MA<x) 


12 


1.0 


■*-  X 


Figure  2.   Membership  function 
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Tine  problem  of  estimating  the  membership  functions  for 
actual  problems  has  not  been  systematically  studied  in  the 
literature.  Although  many  ideas  and  methods  have  been  suggested 
by  several  authors  independently  (Dubois  and  Prade,1980),  there 
is  as  yet  no  widely  agreed  upon  rule,  to  estimate  memberships. 
From  the  methods  presently  available,  two  techniques,  namely 
exemplification  (Zadeh, 1972),  and  implicit  analytical  method 
(Kochen  and  Badre,  1976)  were  found  appropriate  and  are  exten- 
sively used  in  the  present  work.  The  basic  concept  of  the  former 
will  be  briefly  described  below  and  the  latter  will  be  discussed 
in  Chapter  3. 


Assume  that  X  is  an  ill-defined  set  and  x  (i=l,n)  are  the 
possible  events.  In  the  method  of  exemplification,  a  number  of 
experts  are  asked  whether  "x  is  X".  There  will  be  different 
linguistic  responses  such  as  "true",  "more  or  less  true",  etc., 
for  which  values  such  as  1.0,  0.75  are  pre-assigned.  Then  the 
average  of  these  values  is  considered  as  U»(x. ).  This  procedure 
can  be  repeated  for  all  x  values  to  obtain  the  membership  func- 
tion. 


Saaty  (1977)  developed  a  pairwise  comparison  method,  where 
the  degrees  of  support  of  two  events  (in  an  ill-defined  set)  are 
compared  at  a  time.  Then,  a  comparison  matrix,  [A]  (nxn)  is  con- 
structed where  the  element  a   is  the  ratio  of  the  degrees  of 

support  for  xi  and  x  ,  in  X.   If  W  =  (w  w  )  is  the  vector 

containing  the  n-wise  comparisons  or  the  relative  weights  (w  )  of 
each  x1  in  comparison  to  all  x  ,  Saaty  showed  that  the  maximum 
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eigenvalue  (A   )  in  the  following  expression  : 
max 

[A  -  AI]  W  =  0  (3b) 

produces    the    required  w.    values.    Then   the    memberships    w  (x    )    can 
r  i  x     i 

be  obtained   by   stretching  w.    values   on  a   zero-unity   scale. 

Fuzziness  and  probability 

One  may  wonder  whether  such  a  graphical  representation  (Fig- 
ure 2)  of  a  membership  function  is  similar  to  a  probability  den- 
sity function  of  a  random  variable.  A  probability  measure  p(x) 
describes  the  uncertainty  in  occurence  or  randomness  of  an  event 
x,  well  defined  in  the  space  X;  a  membership  function   ^A(x) 
provides  a  criterion  for  the  belongingness  of  any  value  in  the 
space  X,  in  an  ill-defined  set  A.  These  two  measures  originate 
from  very  different  concepts.  Furthermore,  since  all  mutually 
exclusive  events  in  a  space  are  exhaustive,  p(x)  values  for  all  x 
in  the  space  X  would  sum  to  1.  No  such  restriction  can  be  imposed 
on   l"A(x)  »  due  to  the  fuzziness  in  the  set  A.   In  fact,  Zadeh 
(1978)  introduced  the  ideas  of  a  theory  of  possibility  which  is 
distinct  from  probability  theory,  based  on  fuzzy  set  theoretical 
concepts.  A  membership  function   U«(x)   imposes  a  restriction  on 
the  possibility  of  a  set  A  taking  a  value  x.   Therefore,  an 
expression  of  a  possibility  distribution  can  be  viewed  as  a  fuzzy 
set  and  such  a  distribution  may  be  manipulated  by  rules  of  fuzzy 
sets. 

Fuzzy  sets  theory  has  been  attacked  by  some  who  proposed 
that  it  is  probability  in  disguise.  Oden  (1977),  however  has 
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shown  that  this  is  not  the  case.  The  finding  of  his  psychologi- 
cal studies  indicate  that  these  two  concepts  are  handled  very 
much  differently  in  the  human  mind.  For  example,  the  idea  that  a 
man  whose  height  is  6  feet  has  a  membership  of  0.9  in  the  fuzzy 
class  of  "tall  men",  should  not  be  confused  with  the  idea  that 
90%  of  men  who  are  6  feet  tall  are  "tall  men",  while  the  other 
10%  are  not. 

Connectives 

Many  complex  problems  can  be  divided  into  a  sequence  of 
simpler  questions  which  can  be  answered  by  experienced  individu- 
als using  their  subjective  judgment.  These  responses  can  then  be 
converted  to  membership  functions  and  manipulated  following  the 
theory  of  fuzzy  sets  to  obtain  a  meaningful  answer  to  the  origi- 
nally complex  problem.  In  the  following,  basic  manipulation  tech- 
niques are  presented,  and  illustrative  examples  for  some  of  them 
are  found  in  Brown  et  al(1983),  and  Yao  et  al(1981). 

Two  basic  options  are  available  for  aggregating  fuzzy  sets. 
For  the  case  of  two  fuzzy  sets  A  and  B,  the  "optimistic"  aggre- 
gate (union)  assumes  credibility  in  opinions  expressed  in  either 
A  or  B,  while  the  "pessimistic"  aggregate  (intersection)  assumes 
credibility  only  in  the  combined  opinion  of  A  and  B.   Union  and 
intersection  are  denoted  as  : 

C  =  A  U  B  (4a) 
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D  =  A  0  B  (4b) 

Shaded  areas  in  Figures  3a  and  3b  show  the  possible  regions  of 
membership  for  C  and  D  respectively,  following  their  definitions. 
If  A  and  B  have  membership  functions  of   ^(x)  an<*   Mn(x) 
respectively  : 

Uc(x)  >  max  (uA(x)  ,  Ug(x))  (5a) 

HD(x)  <  min  (uA(x)  ,  ^(x))  (5b) 

Fung  and  Fu  (1975)  justify  the  choice  of  lower  bound  in 
equation  (5a)  for  union  and  upper  bound  in  equation  (5b)  for 
intersection,  using  an  axiomatic  approach.  Thus  : 

UAUB(x)  =  max  (uA(x)  ,  Mg(x))  (6a) 

UA>B(x)  =  min  (uA(x)  ,  Ug(x))  (6b) 

It   is   common   to  indicate    "max"  and   "min"   as   v  and    "   respec- 
tively,   and   the  above  equations   can  be    rewritten  as    : 

WX)    =    MA(x)    V    %W  (7a) 

uAnB(x)  =  UA(X)  A  Vx)  (7b) 

Differences  in  the  basic  concepts  of  probability  and  possi- 
bility becomes  evident  when  comparing  this  equation  to  the 
corresponding  axioms  for  probability.   If  A  and  B  are  mutually 
exclusive  sets  : 

P(A  U  B)  =  P(A)  +  P(B)  (8a) 

If  A  and  B  are  statistically  independent  : 
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Figure  3.   Possible  memberships 
for  union  and  intersection 
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P(A  fl  B)  =  P(A).P(B)  (8b) 

Interactive  operators  that  reflect  a  trade-off  between  A  and 
B,  as  opposed  to  "min"  and  "max"  have  also  been  defined.  Two  fre- 
quently used  operators  are  the  algebraic  product  and  the  proba- 
bilistic sum  operations  defined  below: 

WA.B(X)  "  UA(X)*  VX)  (9a) 

WA+B(X)  =  \M   +  UB(X)  "  UA(x)'  UB(X)  (9b) 

In  a  real  problem,  the  analyst  might  prefer  the  interactive 
aggregation  types,  as  the  individual  memberships  directly  influ- 
ence that  of  the  aggregation.  However,  they  suffer  from  the  draw- 
back, that  probabilistic  and  fuzzy  reasoning  are  both  combined 
therein.  On  the  other  hand,  union  and  intersection  operations 
involve  fuzzy  logic  only,  though  they  are  non-interactive. 
Dubois  and  Prade  (1978)  state  that,  strictly,  a  fuzzy  model  does 
not  take  into  account  the  number  of  ways  in  which  an  event  can 
occur,  only  the  fact  that  the  occurence  may  happen.  Thus,  min-max 
operations  are  more  logical  for  fuzzy  set  theoretic  work  than 
interactive  operators. 

Fuzzy  numbers 

In  most  practical  problems  there  are  invariably  some  parame- 
ters or  variables  which  are  imprecisely  defined.  This  is  usually 
the  case  when  subjective  and  objective  tolerances  are  involved  in 
the  assigned  values  of  some  components  of  a  system.  Examples  of 
such  cases  in  civil  engineering  practice  are  limiting  the 
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distortion  to  about  1  in  75  in  settlement  analysis,  using  a  coef- 
ficient of  earth  pressure  at  rest  (  K.  )  of  about  0.5  for  stabil- 

o 

ity  calculations  of  embankments,  etc.  Certainly  the  engineer 
would  like  to  see  the  effect  of  uncertainty  surrounding  these 
values  on  the  final  answer,  i.e  safety  of  the  building  in  the 
first  case  and  safety  of  the  embankment  in  the  latter  case.  This 
can  be  achieved  by  representing  such  fuzzy  subjective  values,  or 
fuzzy  numerical  data  from  imprecise  measurements,  by  means  of 
fuzzy  numbers. 

Mathematically,  a  fuzzy  number  is  a  fuzzy  subset  of  the  real 
line  whose  highest  membership  values  are  clustered  around  a  given 
real  number  called  the  mean  value.  The  membership  function  is 
monotonic  on  both  sides  of  this  mean  value,  spreading  throughout 
a  tolerance  interval  determined  through  expertise  on  the  problem 
area  or  statistical  data.  This  approach  is  of  immense  practical 
interest  since  algebraic  operations  on  fuzzy  numbers  can  be 
easily  performed  using  the  extension  principle,  once  the  member- 
ship functions  are  determined. 

Dubois  and  Prade  (1978)  describe  the  general  shape  of  the 

membership  function   u   for  a  fuzzy  number  n  on  the  real  line  R 

as  follows.  v       is  : 
n 

i.   a  continuous  mapping  from  the  real  line  R  to  [0,1] 

ii.   zero  for  all  x  in  ]-a>,c] 

iii.  strictly  increasing  in  [c,a] 

iv.   constant  in  [a,b] 

v.   strictly  decreasing  in  [b,d] 
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vi.   zero  for  all  x  values  in  [d,°°[ 

This  is  graphically  shown  in  Figure  4a.   u  (x)  can  be 
interpreted  as  the  truth  value  of  the  assertion  "the  value  of  n 
is  x" .  Two  special  cases  are  of  practical  interest, 

1.  If  a=c=b=d  ,  n  is  an  ordinary  number. 

2.  If  a=b  ,  n  represents  a  value  "approximately  a"  and  is  shown 
in  Figure  4b. 

The  latter  type  is  known  as  L-R  (left-right)  type  fuzzy 
numbers,  since  two  algebraic  functions  of  L  and  R  can  be  employed 
to  mathematically  define  the  left  and  right  halves  of  u   (x)  .  In 
the  absence  of  additional  information,  it  is  logical  to  represent 
memberships  of  "approximately  a"  by  a  symmetric  function  where 
a=b=l/2  (c4d).  A  wide  variety  of  algebraic  functions  can  be 
selected  to  define  such  an  L-L  or  an  R-R  function.  In  the  work 
presented  herein,  L-L  (or  R-R)  fuzzy  numbers  are  used  exten- 
sively, and  parabolic  curves  known  as   tt  curves  (Zadeh,  1975), 
are  selected  for  reasons  described  in  Chapter  3. 

Fuzzy  relations 

Very  often  the  relationship  between  two  mutually  dependent 
classes  or  variables  is  neither  very  exact  nor  very  inexact.  In 
other  words,  the  linkage  between  objects  in  the  two  classes,  or 
values  taken  by  the  two  variables,  varies  gradually  from  a  condi- 
tion of  very  weak  to  very  strong.  Such  situations  can  arise 
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basically  from  two  sources  :  (1)  fuzzlness  involved  in  the 
related  classes  or  variables,  and  (2)  approximate  reasoning  used 
to  define  the  relationship. 

An  example  for  a  fuzzy  relation  originating  from  the  latter 
source  is  a  statement  such  as  "if  the  stiffnesses  of  the  two 
layers  are  approximately  equal,  danger  from  crack  development  is 
minimal",  often  made  by  engineers  with  regard  to  the  safety  of 
dams  from  cracking. 

If  X  and  Y  are  two  such  "fuzzily  related"  variables,  the 
linkage  between  a  value  x  of  X  and  a  value  y  of  Y  can  be 
expressed  by  a  number  in  the  interval  [0,1].  This  imposes  a  res- 
triction on  R  with  respect  to  any  pair  (x,y)  in  a  mathematical 
sense  and  thus  is  defined  as  the  membership  characterizing  the 
relationship.  If  the  relationship  involves  only  two  variables, 
obviously  the  membership  function  is  bivariate  and  the  relation 
is  a  binary  one  in  the  space  X  x  Y.  According  to  the  previous 
notation  this  is  expressed  as  : 

R  =  U  ^(x,  y)  /(x,  y)  (10) 

for  the  discrete  case,  and 

R  -  /  lfe(x,  y)  /(x,  y)  (11) 

for  the  continuous  case. 

Since  a  graphical  representation  corresponding  to  Figure  2 
would  be  three  dimensional,  a  matrix  form  is  a  more  convenient 
representation.  For  example,  the  previous  statement  regarding 
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cracking  can  be  depicted  by  the  matrix  shown  in  Table  2.  Here, 
the  stiffness  of  a  clay  layer  is  assumed  to  be  indicated  by  its 
elastic  modulus  (  E   ). 

More  generally  if  X  X   are  n  universes,  an  n-ary 

fuzzy  relation  R  in  X.  x x  X   is  a  fuzzy  set  on 

X.  x. . . .x  X   denoted  as  : 
1         n 

R  =  U  yR(x1,..,xn)  /(x1 ,.... ,xn)  (12) 

where   uR(x.,...,x  )  is  a  multi-variate  membership  function. 

Let  us  now  consider  the  method  of  forming  a  fuzzy  relation- 
ship from  two  given  mutually  related  fuzzy  sets.  Let  A  and  B  be 
fuzzy  sets  in  the  spaces  of  X  and  Y  respectively,  and  x  and  y  be 
any  possible  values  of  A  and  B.  Consider  the  following  proposi- 
tions : 

x  belongs  in  A  with  a  restriction  UA(x)        (13a) 
y  belongs  in  B  with  a  restriction  U_(y)        (13b) 

According  to  Zadeh  (1975),  the  rule  of  implied  conjunction 
asserts  that,  in  the  absense  of  additional  information  concerning 
these  propositions,  equations  (13a)  and  (13b)  taken  together 
implies  that  : 

x  belongs  in  A  and  y  belongs  in  B  with  a  restriction  \i     (14) 

Also,  in  the  absense  of  additional  information,  the  rule  of 
maximal  restriction  asserts  that  equation  (14)  implies  that  : 

(x,y)  belongs  in  AxB  with  a  restriction  \\  (15) 
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Table  2.   'Approximately  equal  stiffnesses' 


\.   (kg/cm  ) 

E2    \. 

2   ^^ 

(kg/cm  )     ^s. 

40 

45 

50 

55 

40 
45 
50 
55 

1  .0 

0.6 

0 

0 

0.6 

1  .0 

0.6 

0.2 

0 

0.6 

1  .0 

0.6 

0 

0.2 

0.6 

1  .0 
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with  the  value  of  v  given  by  the  expression  : 

U  -  min  [yA(x)  ,  l^(y)l  U6) 

since  "min"  is  characteristic  of  the  "and"  connective  under  maxi- 
mal restriction.  A  x  B  is  defined  as  the  cartesian  product  of  A 
and  B,  and  from  equation  (16)  it  follows  that  : 

UAxB(x,y)  =  min  [  wA(x)  ,  Ug(y)]  (17) 

Therefore,  when  additional  information  is  not  available  this 
provides  a  convenient  way  of  forming  a  relationship  between  A  and 
B,  with  the  membership  function  given  by  equation  (17).  Moreover, 
if  A  and  B  belong  to  the  same  space,  the  implication  in  equation 
(15)  would  reduce  to  : 

x  belongs  in  AOB  with  a  restriction  \i  (18) 

due  to  the  implied  "and"  connective  in  equation  (14). Then, 
membership  of  AH  B  is  consistent  with  that  given  by  equation 
(16). 

Extension  principle 

The  extension  principle  introduced  by  Zadeh  (1975)  is  one  of 
the  most  basic  ideas  of  fuzzy  sets  theory.  It  provides  a  general 
method  for  extending  non-fuzzy  mathematical  concepts  to  deal  with 
fuzzy  quantities.  The  fundamental  difference  between  classical 
(precise)  set  theories  and  fuzzy  sets  theory  is  that,  in  a  pre- 
cise theory  a  variable  has  a  value  whereas  in  the  latter  a  vari- 
able has  a  degree  of  membership  attached  to  each  possible  value. 
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It  follows  that  a  fuzzy  variable  Is  completely  defined  by  its 
membership  function.  This  is  clearly  expressed  in  the  extension 
principle.  By  applying  this  principle,  algebraic  operations  for 
fuzzy  numbers  can  be  developed  conveniently. 

If  f  is  a  mapping  from  X.  x x  X   to  a  universe  Y  such 

that  y  =  f  (x  ,x  )  ,  the  fuzzy  sets  A  , ,A   in 

respective  spaces  X. , ,X   ,  will  induce  a  fuzzy  set  B  on  Y 

through  f.  The  extension  principle  allows  us  to  determine  the 
membership  function  for  B  in  terms  of  those  of  A   ,  by  the  fol- 
lowing expression  : 


V Ay)   =      Sup      min  [  u  (x  ) u  (x  )]    (19) 

B      y-f(x1,..,xr)       Al  l  Ar  r 


For  the  unary  case,  where  f  is  a  mapping  from  X  to  Y  such 
that  y*»f(x),  equation  (19)  reduces  to  : 


H_(f(x))  =  u  (x)  (20) 

B  A 

which  will  be  frequently  used  in  this  work. 


This  principle  can  also  be  applied  to  a  mapping  of  "depen- 
dent" fuzzy  variables,  i.e.  when  a  specified  relationship  exists 
between  the  variables.   For  simplicity,  the  case  of  two  dependent 
variables  is  presented  here.   If  A  and  A   are  mutually  depen- 
dent fuzzy  sets  in  X  and  X   ,  which  induce  a  fuzzy  set  B  in  Y, 
then: 


Wg(y)  =    Sup     min  [uA  (Xj),  uA  (x2),  uR(x]L,x2)]    (21) 
y—r  v  x  *  |  x«  )  i        2. 

where   U^*!'  x2  ^  represents  the  specified  additional 


restriction  on  any  given  pair  of  values  Xj  and  x2  . 
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Composition 

Given  a  fuzzy  relation  between  two  fuzzy  variables,  one  can 
obtain  the  fuzzy  value  of  one  variable  induced  by  a  known  value 
of  the  other.  This  is  facilitated  by  the  operation  of  composi- 
tion which  corresponds  to  the  algebraic  rule:  if  x=a  and  y~f(x), 
then  y=f(a). 

If  R  is  a  fuzzy  relation  in  X  x  Y  and  A  is  a  fuzzy  set  in  X, 
then  a  fuzzy  set  B  is  induced  in  Y  through  R  (Figure  5)  with 
membership  : 

^(y)  -  Sup  min  [uA(x),  ^(x,  y)]  (22) 

x 

As  a  simple  numerical  example,  if  the  fuzzy  estimate  of  the 

2 
modulus  E  (kg/  cm  )  of  the  first  layer  in  the  dam  example  is  : 

E.  =  0.8/45.0  +  1.0/50.0  +  0.6/55.0 
then  the  fuzzy  relation  shown  in  Table  2  would  yield  a  fuzzy 
estimate  for  the  modulus  of  the  second  layer  as  : 


E  =  0.6/40.0  +  0.8/45.0  +  1.0/50.0  +  0.8/55.0 


More  generally,  if  R  and  S  are  fuzzy  relations  in  X  x  Y  and 
Y  x  Z  respectively: 


l^  s(x,z)  «  Sup  min  [^(x,y)  ,  pg(y,z)]         (23) 

y 

where  R.S   is    the   composition   of  R  and  S. 
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A  more  complete  definition  of  the  operation  of  composition 
is  provided  in  Appendix  A  for  the  interested  reader.  Note  that 
equation  (22)  is  similar  to  the  extension  principle  in  equation 
(19).  Dubois  and  Prade  (1980)  state  that  the  extension  principle 
is  a  special  case  of  composition.  The  author's  proof  of  this 
result  is  also  presented  in  Appendix  A. 

Applications  of  fuzzy  sets 

Since  the  theory  of  fuzzy  sets  provides  a  tool  to  deal  with 
problems  that  cannot  be  treated  effectively  with  classical  or 
stochastic  theories,  it  has  found  extensive  applications  in  vari- 
ous fields.  Apart  from  a  few  exceptions,  so  far  this  theory  has 
been  applied  mainly  to  scientific  areas  where  man  is  somewhat 
involved.  Some  notable  exceptions  are  the  tolerance  analysis  of 
electrical  circuits  (Jain, 1976)  and  the  notion  of  fuzzy  events  in 
the  theory  of  measurement  of  incompatible  observables  (Prugo- 
vecki,1974).  Applications  in  areas  where  human  subjectivity  is 
involved  will  be  very  briefly  outlined  in  what  follows. 

Medical  diagnosis 

Phippe  Smets  (1981)  modelled  the  medical  diagnostic  process 
by  considering  diagnostic  groups  as  fuzzy  sets  and  observed  symp- 
toms as  fuzzy  information  provided  by  the  patients.  Esogbue  and 
Elder  (1977)  noted  that  most  mathematical  models  of  physicians' 
diagnoses  processes  suffer  from  the  inability  to  incorporate  all 
useful  data  on  the  patient.  Neglected  pertinent  information  is 
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Intrinsically  fuzzy,  but  is  important  in  describing  the  patient's 
health  status.  They  present  a  model  based  on  fuzzy  sets  theory, 
for  physician-aided  evaluation  which  is  a  complete  representation 
of  information.  Patient's  past  history,  present  symptoms,  signs 
observed  upon  physical  examination,  and  results  of  clinical  and 
diagnostic  tests,  are  represented  by  fuzzy  matrices.   They  formu- 
late a  general  fuzzy  decision  model  based  on  fuzzy  clustering 
theory,  for  an  optimal  diagnosis  by  a  physician. 

Structural  damage  assessment 

Several  workers,  Blockley  (1977),  and  Munro  and  Brown  (1983) 
realized  that  the  actual  number  of  structural  failures  is  orders 
of  magnitude  higher  than  that  predicted  by  reliability  analysis. 
They  agree  that  this  is  a  consequence  of  unanticipated  gross 
errors  in  construction,  effects  and  severities  of  which  can  only 
be  evaluated  using  linguistic  terms.  Concepts  of  fuzzy  relations, 
composition  and  fuzzif ication  were  incorporated  to  evaluate  the 
influence  of  these  errors  on  the  original  safety  measure  of  the 
structure.  Ishizuka  et .  al  (1981)  introduced  a  rule-based  infer- 
ence method  for  damage  assessment.  A  characteristic  feature  of  a 
rule-based  inference  approach  is  the  ability  to  collect  a  variety 
of  knowledge  in  small  fragments  and  then  use  them  to  solve  a  com- 
plex problem.  While  representing  linguistic  damage  classes  by 
fuzzy  sets,  Ishizuka  et  al  (1981)  also  show  that  inferences  with 
fuzzy  reasoning  can  conveniently  be  handled  using  concepts  of 
fuzzy  sets  theory. 
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Economics 

Ponsard  (1981)  applies  fuzzy  sets  theory  to  analyse  consu- 
mers' spatial  preferences.  He  discards  the  usual  assumption  of 
consumers'  capability  of  perfectly  discriminating  between  goods, 
in  the  classical  theory  of  consumer  behaviour.  The  notion  of 
fuzzy  consumer  preferences  of  goods  is  introduced  along  with  the 
definition  of  a  fuzzy  utility  as  a  numerical  representation  of 
the  imprecise  preference. 

Psychology 

According  to  Kochen  (1975),  this  theory  can  offer  psychology 
new  concepts  to  use  as  building  blocks  for  improved  theories  and 
in  return,  psychology  can  offer  fuzzy  sets  theory  not  only  con- 
tinuing challenges  and  test  problems  but  methods  of  experimenta- 
tion as  well.  He  designed  experiments  among  college  students  to 
find  out  how  they  interpret  words  such  as  "far",  "more  or  less 
far",  "very  far"  etc.,  in  a  specific  context.  One  purpose  of 
such  experiments  was  to  relate  human  cognition  of  such  variables 
with  possible  membership  functions  (Kochen  and  Badre  ,1976). 
Since  the  results  showed  that  many  people  interpret  such  vari- 
ables as  fuzzy  sets,  he  concludes  that  fuzzy  sets  theory  seems 
appropriate  for  conceptualizing  certain  aspects  of  behaviour  of, 
perhaps,  half  the  population. 

This  theory  has  also  been  widely  applied  in  fields  such  as 
artificial  intelligence  and  robotics,  image  processing  and  pat- 
tern recognition  as  well  as  in  control  systems.  The  reader  is 
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directed  to  Dubois  and  Prade  (1980)  where  a  volume  of  references 
are  listed  on  these  and  many  other  applications.  Recent  applica- 
tions are  also  discussed  by  Zadeh  (1984). 
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CHAPTER  3  :  PAVEMENT  EVALUATION  1  -  RIDEABILITY 

Pavement  serviceability  rating 

Of  the  pavement  characteristics,  roughness  has  the  greatest 
impact  on  rideability.   Thus,  in  many  states  the  initial  screen- 
ing of  road  sections  for  determining  maintenance  needs  is  on  a 
roughness  basis. 

The  PCA  roadmeter  is  used  in  Indiana  for  roughness  measure- 
ments at  the  network  level.  These  are  converted  to  a  pavement 
serviceability  index  (PSI)  scale  for  rideability  performance  lev- 
els (Carey  and  Irick,  1960).   The  conversion  is  made  with  regres- 
sion equations  developed  by  statistical  correlation  of  roadmeter 
readings  and  pavement  serviceability  ratings  (PSR)  for  a  sample 
of  pavements  in  the  state.  Pavement  serviceability  ratings  are 
given  by  a  panel  of  20  road  users  of  different  ages  and  back- 
grounds who  are  instructed  to  rate  each  of  these  selected  pave- 
ments on  a  scale  of  0-5,  according  to  their  evaluation  of  its 
rideability.   Because  the  PSR  of  a  particular  road  section  is 
obtained  as  the  mean  of  the  panel  ratings,  it  is  clear  that  indi- 
vidual ratings  are  treated  as  random  variables.  Judgments  of  the 
panel  members  are  subjective  and  certainly  involve  more  human 
uncertainty  than  random  uncertainty.  Moreover,  no  distinction  is 
made  between  the  ratings  of  people  with  different  professional 
backgrounds . 
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Fuzzy  logic  can  be  used  to  develop  a  PSR  which  reflects  the 
human  uncertainty  as  well  as  the  relative  perceptiveness  (signi- 
ficance) of  various  panel  members  in  judging  the  importance  of 
the  sources  of  roughness  in  pavement  performance.  The  fuzzy  PSR 
allows  one  to  take  advantage  of  such  perceptiveness  in  the  rating 
panel. 

In  this  chapter,  the  techniques  to  formulate  a  fuzzy  PSR  are 
analyzed.   As  a  first  step,  the  rating  panel  is  separated  into 
groups  of  individuals  with  similar  backgrounds,  to  account  for 
differences  in  perceptiveness.   Furthermore,  to  avoid  any  differ- 
ences within  a  group  such  as  experience,  age,  etc.,  each  group 
can  also  be  subdivided  into  a  sufficient  number  of  subgroups. 
One  possible  division  made  in  consultation  with  highway 
engineers,  for  a  rating  panel  used  by  the  Research  and  Training 
center  of  the  Indiana  Department  of  Highways  is  shown  in  Table  3. 
The  individual  opinions  are  then  aggregated  using  different 
weights  and  suitable  aggregation  techniques  at  the  subgroup  and 
group  levels,  until  the  panel  rating  is  formed.   Then  relation- 
ships are  developed  between  pavement  serviceability  rating  (PSR) 
and  Roadmeter  reading  using  two  distinct  approaches. 

Vagueness  of  rater  opinion 

This  approach  considers  each  individual  decision  (rating)  to 
contain  some  vagueness  (uncertainty).  Consider  the  i   subgroup 
of  any  group  A  and  let  c.  .  be  the  rating  of  its  j   member  on  the 
PSR  scale.   Since  his  judgment  is  subjective,  this  rater  really 
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says  that  the  rating  is  the  central  value  in  a  small  domain 
around  c   .   In  other  words ,  it  is  more  logical  to  express  this 
rating  as  approximately  c. .,  which  can  be  represented  as  a  fuzzy 


number  A   as  discussed  in  Chapter  2. 


The  next  step  is  to  select  appropriate  algebraic  functions 
(L-L  type)  for  the  membership  function  (see  fuzzy  numbers, 
Chapter  2).  It  was  pointed  out  previously  that  the  user  should 
exercise  his  own  judgment  together  with  experts'  opinion  in 
choosing  the  shape  of  the  curve. 

Kochen  and  Badre  (1976)  performed  a  set  of  psychological 
experiments  among  college  students  to  relate  human  cognition  of 
linguistic  variables  to  membership  functions,  and  discovered  that 
a  marginal  increase  of  a  person's  strength  of  belief  that  "r  is 
C"  (where  C  is  a  fuzzy  set)  is;  1)  proportional  to  the  degree  of 
belief  that  "r  is  C"  and  2)  proportional  to  the  degree  of  belief 
that  "r  is  not  C". 

Mathematically  this  can  be  expressed  as  : 

d  (uc(r))/dr  a  ^(r)  (24) 

d  (pc(r))/dr  a  [1  -  ^(r)]  (25) 

This  is  also  known  as  the  implicit  analytical  definition  of 
membership  functions.   As  shown  in  Appendix  A,  these  two  condi- 
tions are  sufficient  to  select  the  needed  L  function  as  : 

kr+c 

*r)  =  L(r)  =  I  I  kr+c  (26> 

1  +  e 

where  c  and  k  are  constants  to  be  determined  from  boundary 
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conditions.   Two  boundary  conditions  are  available  to  determine  k 
and  c  (Figure  6)  : 

Since  the  central  value  has  the  maximum  membership  ; 


M  =  1.0  for  r  =  c  (27a) 

Since  the  extreme  value  has  zero  membership  ; 


V  =  0.0  for  r  -  c.  .  -  r,  .  (27b) 

However,  according  to  the  exponential  nature  of  equation  (26), 
U  =  1.0  for  r  ■*•  »  and   u  =  0.0  for  r  ♦  -».   This  problem  can  be 
overcome  by  modifying  the  boundary  conditions  to  : 

r  =  c    for   u  =  1.0  -  6  (28a) 

r  =  c,  .  -  r,  .   for   u  =  6  (28b) 

where  6  is  a  small  numerical  quantity.   A  typical  L  curve 
obtained  for  a  value  of  6  of  0.01  is  given  in  Figure  A  (Appendix 
A). 

Zadeh  (1975)  introduced  an  L-L  function  known  as  a  i  curve 
(Figure  6)  where  the  L  function  is  defined  by  : 

2 
H(r)  =  2  [r  "  (g  "  3-']    for  r  <  (y-  8/2)  (29a) 


M(r)  =  1  -  2[r  "^  T]    for  y  >   r  >  (t  -  B/2)  (29b) 

where  y  and  3  are  two  parameters  which  may  be  adjusted  to  fit 
specified  boundary  conditions.  It  is  obvious  that  the  present 
case  satisfies  the  following  boundary  conditions. 
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Figure  7.   Fuzzified  roadmeter  reading 
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Y=  c  (30a) 

8  =  r  (30b) 

The  latter  L  function  i6  also  plotted  in  Figure  A  (Appendix 
A)  in  dashed  lines  to  show  the  close  agreement  between  the  two 
types  of  L  functions.  The  problem  of  estimating  r .  .  for  the 
present  case  will  be  addressed  later. 

Because  of  their  analytical  simplicity  it  is  preferred  to 
use  L  functions  of  n  type  (equations  (29a)  and  (29b))  to  work 
with  fuzzy  numbers.  As  has  been  shown,  one  of  their  features  is 
the  very  close  agreement  with  exponential  curves  resulting  from 
the  implicit  definition  of  membership  functions.  However, 
research  has  also  been  done  with  fuzzy  sets  using  linear  member- 
ship functions  as  well  (Tanaka, 1982) . 

Formation  of  subgroup  and  group  opinions 

When  the  opinion  A  ,  of  each  member  in  the  subgroup  i,  is 
represented  as  a  fuzzy  number,  aggregation  can  be  performed  for 
all  members  in  subgroup  i  by  the  union  of  all  such  opinions: 


A,  =UA  .  (31) 

i   i   lj 

A   is  the  opinion  of  the  i   subgroup  of  group  A.  This  process 
can  be  repeated  to  form  other  subgroup  opinions. 


Aggregation  then  can  be  extended  to  combine  all  subgroups  of 
group  A,  while  accounting  for  the  relative  weight  (w. )  assigned 
to  each  subgroup  with  respect  to  the  others  in  group  A.   With  the 
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introduction  of  the  relative  weights  w^  the  combined  opinion  of 
the  group  A  and  memberships  are  obtained  as  follows: 


A  =  U  w  A  where  l  w  =  1  (32) 

i  *   i       i 


U  (x)  =  max  [w  x  u  (x)]  (33) 

A       ±  i    A± 

Equations  (31)  and  (32)  define  the  same  type  of  aggregation 
(union),  the  only  difference  being  the  introduction  of  weights  in 
equation  (32).  Modification  of  the  union  operation  to  include 
weights  (equations  (32)  and  (33))  is  defined  by  Zadeh  (1973)  as 
the  operation  of  dimunition.   Within  any  subgroup  i,  it  is 
assumed  that  there  is  no  difference  in  perceptiveness;  thus, 
weights  are  not  introduced  in  aggregating  individual  rater  opin- 
ions in  equation  (31). 

It  was  pointed  out  in  Chapter  2  that  the  operations  of  union 
and  Intersection  can  also  be  employed  in  aggregating  fuzzy  sets. 
Appropriateness  of  either  one  of  the  operations  of  union  and 
intersection  depends  on  the  particular  situation.   It  is  obvious 
from  Figure  (3b)  that  intersection  is  not  suitable  for  gathering 
information,  especially  when  there  is  a  lack  of  agreement  between 
the  sources.  This  is  exactly  the  case  when  individual  and  sub- 
group opinions  are  gathered.  On  the  other  hand,  union  (Figure  3a) 
is  less  restrictive  and  is  useful  in  acquiring  as  much  informa- 
tion as  possible  from  all  sources  ;  no  opinions  are  discarded. 
Hence,  the  union  operation  is  appropriate  at  the  initial  stages 
of  the  PSR  formulation  (equations  (31)  and  (32)). 
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As  an  example,  let  us  assume  that  the  panel  members  have 
been  divided  into  two  groups,  A  of  highway  engineers,  and  B  of 
laymen  (raters  who  are  not  highway  engineers).   Among  the  group 
of  highway  engineers,  two  subgroups  have  been  identified:  A,  of 
experienced  engineers;  and  A„  of  engineers  with  little  experi- 
ence. Similarly,  the  group  of  laymen  is  divided  into  two  sub- 
groups; B.  and  B~,  of  frequent  and  infrequent  road  users,  respec- 
tively. Further,  let  us  assume  that  each  subgroup  opinion  of  the 
quality  of  a  given  pavement  is  represented  by  the  fuzzy  sets 
below: 

A  =  0.4/2.7  +  0.5/2.8  +  1.0/2.9  +  0.9/3.0   Wj  =  0.6 
(experienced) 

A  =  0.6/2.8  +  0.8/2.9  +  1.0/3.0  +  0.9/3.1   w2  =  0.4 

(little 
experience) 

B  =  0.8/2.8  +  1.0/2.9  +  0.7/3.0  +  0.5/3.1   w  =  0.7 

(frequent 
road  users) 

B2  =  0.9/2.8  +  1.0/2.9  +  0.9/3.0  w2  =  0.3 

(infrequent 
road  users) 

According  to  the  notation  adopted  for  fuzzy  sets,  0.4,  0.5, 

1.0  and  0.9  are  the  degrees  of  support  of  the  subgroup  A  for  the 

values  2.7,  2.8,  2.9  and  3.0,  respectively.   In  other  words, 

members  of  the  subgroup  A.  indicate  a  range  of  values  (2.7-3.0) 

as  their  PSR,  the  most  favored  value  being  2.9.   Subgroups  A.  and 

A2  consist  of  people  with  similar  backgrounds,  but  their  percep- 

tiveness  is  assumed  to  differ  due  to  differences  in  experience. 
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Experienced  engineers  may  have  a  deeper  insight  into  the  road 
condition,  so  far  as  the  maintenance  requirements  are  concerned. 
Thus,  by  introducing  the  relative  weights  w1  and  v^    (w  >  v^ ) , 
their  opinion  is  given  more  weight  in  arriving  at  the  combined 
opinion  of  group  A.   Similar  remarks  apply  to  subgroups  B.  and 

V 

According  to  equations  (32)  and  (33),  the  group  opinions  A 
and  B  can  be  obtained  as: 

A  =  0.24/2.7  +  0.30/2.8  +  0.6/2.9  +  0.54/3.0  +  0.36/3.1 
B  =  0.56/2.8  +  0.7/2.9  +  0.49/3.0  +  0.35/3.1 

However,  the  fuzzy  sets  A  and  B  have  lost  their  normality 
(maximum  membership  value  is  not  equal  to  1.0)  due  to  the  sub- 
group weighting,  and  therefore,  are  not  on  a  common  base  for  con- 
tinued combinations.   To  prevent  any  group  from  suffering  due  to 
internal  weighting  both  of  them  should  be  normalized  as: 

A  =  0.4/2.7  +  0.5/2.8  +  1.0/2.9  +  0.9/3.0  +  0.6/3.1 
B  =  0.8/2.8  +  1.0/2.9  +  0.7/3.0  +  0.5/3.1 

Aggregation  of  different  group  opinions 

When  the  separate  group  opinions  are  formed,  they  can  be 
combined  to  obtain  the  PSR  of  the  section.   The  following  desir- 
able features  guide  the  selection  of  the  aggregation  techniques 
to  be  used  at  this  stage  of  the  manipulation  : 
(1)   The  section  PSR  should  be  as  precise  as  possible, 
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covering  as  narrow  a  range  as  possible  ; 

(2)  It  is  desirable  for  the  final  PSR  to  contain  information 
agreeable  to  all  groups  ; 

(3)  Group  opinions  formed  on  the  basis  of  collecting 
information  will,  in  general,  overlap  with  one  another. 
Thus,  much  information  is  present  in  the  regions  of 
overlap. 

The  foregoing  suggests  that  a  "pessimistic"  or  more  restric- 
tive type  of  aggregation  is  preferred  at  this  stage  (Figure  3a). 
There  are  two  such  operations,  intersection  and  algebraic  pro- 
duct.  Intersection  imposes  a  strong  (maximum)  restriction 
through  the  "min"  operator,  thereby  eliminating  some  significant 
opinions.  On  the  other  hand,  algebraic  product  is  less  restric- 
tive and  interacts  between  different  opinions  to  retain  every 
judgment  since  it  does  not  follow  fuzzy  logic.  The  latter  was 
found  to  be  more  appropriate  at  this  stage,  and  reasons  for  this 
choice  will  be  explained  later  in  the  discussion. 

The  operation  of  attaching  weights  to  opinions  of  subgroups 
and  groups  is  based  on  the  fact  that  different  groups  have  dif- 
ferent insights  into  the  serviceability  of  pavements.  For 
instance,  highway  engineers  likely  view  the  inadequacies  and 
hazardous  areas  of  a  road  from  a  technical,  or  a  maintenance 
urgency,  point  of  view,  whereas  laymen  likely  are  only  concerned 
about  the  riding  comfort.  In  view  of  this,  the  attachment  of  dif- 
ferent importance  levels  to  each  group  in  accordance  with  the 
groups  perceptiveness  is  proposed.  This  is  the  second 
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modification  proposed  to  the  conventional  approach.  Attachment  of 
relative  weights  to  each  subgroup  in  a  particular  group  also 
stems  from  this  reasoning. 

For  the  pessimistic  combination  of  unequally  important  opin- 
ions, the  following  rule  was  proposed  by  Yager  (1978)  : 

"i 
Combined  opinion  =H  G  (34) 

i 
where  the  index  a.  denotes  the  importance  of  the  group  opinion 

ai 
G  .  The  operation  G.    produces  a  concentration,  or  a  dilation, 

of  information  in  G  .  If  the  exponent  o.  is  between  1.0  and  2.0 

this  operation  "concentrates"  the  information  contained  in  the 

membership  function  around  the  point  of  maximum  membership.   If 

a  is  between  0.0  and  1.0,  the  membership  function  is  dilated. 

Concentration  and  dilation  are  useful  in  making  provision  for  the 

relative  importance  of  an  individual's  opinion  and  judgment 

(Elms, 1981  and  Gunaratne  et  al.,  1984),  as  well  as  in  handling 

linguistic  hedges  such  as  "very  economical",  "more  or  less  safe", 

etc.(Zadeh,  1974).   If  equation  (34)  is  used  to  obtain  the  PSR, 

the  corresponding  membership  is  found  using  : 

V       -  IK.    )"  (35) 

G°    \ 

It  is  realized  that  the  operation  in  equation  (35)  is  more 
interactive  than  fuzzy.  Therefore  it  seems  more  meaningful  to 
replace  the  intersection  in  equation  (34)  with  the  algebraic  pro- 
duct.  This  gives  (with  equations  (9a)  and  (35))  : 


tsR-y  \  x  (36) 
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Tills  makes  it  possible  to  give  a  physical  Interpretation  of 
exponentiation  in  the  following  manner.  To  look  after  the  differ- 
ences in  importance  of  the  groups,   n.  number  of  groups  G  can  be 
introduced  in  place  of  one  G  ,  with  n  being  an  indicator  of  the 
importance  of  G. .  For  example  if  n.  =  3  and  n„  =  1,  this  means 
that  in  obtaining  a  final  decision,  three  opinions  similar  to  G. 
are  used  against  one  opinion  similar  to  G„.  Then,  performing  the 
aggregation  with  the  algebraic  product  (equation  9a)  gives  : 

Uagg.  =  ^yG  •*uPto  ^...[Ug  ..upto  n±] 

"i 
-TT  [Vf.    ]  (37) 

i     i 

which  resembles  the  concentration  operation  in  equation  (36). 
A  constant  X  can  be  found  such  that, 

\/*   =  *±  (38) 

where   0.0  <  a.  <.   2.0        -V-  i  (39) 

which  satisfies  conditions  for  concentration  and  dilation. 

From  equations  (36), (37)  and  (38)  it  is  seen  that  a  can  be 
visualized  as  physically  representing  multiples  of  G  opinions, 
normalized  on  a  scale  0.0-2.0.  In  contrast,  the  factors  w  are 
weights  to  be  attached  to  subgroup  opinions,  normalized  on  a 
scale  of  0.0-1.0.  From  the  above  discussion,  it  is  intuitively 
seen  that  the  former  creates  a  more  marked  discrimination  between 
different  opinions  than  that  created  by  a  mere  weighting. 

Since  equations  (36)  and  (37)  show  that  concentration  is  an 
interactive  and  not  a  fuzzy  operation,  it  is  logical  to  use 
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equation  (36)  (algebraic  product)  in  preference  to  equation  (34). 
As  an  example,  the  above  groups  A  and  B  can  now  be  concentrated 
or  dilated  according  to  each  group's  relative  significance.   Let 
us  assume  that  group  A  opinion  is  very  important  and  that  of  B  is 
not  so  important,  and  assign  a=  2.0  and  3=  0.5,  respectively. 
The  concentrated  form  of  A  is  : 

*  a 
A  =  A 

=  0.16/2.7  +  0.25/2.8  +  1.00/2.9  +  0.81/3.0  +  0.36/3.1 

and  the  dilated  form  of  B  is: 

*  3 
B  =  BP 

=  0.89/2.8  +  1.00/2.9  +  0.83/3.0  +  0.71/3.1 

Finally,  using  equation  (36), 

*  *    a  3 
PSR  =  A  .B  =  A  .Bp 

=  0.22/2.8  +  1.00/2.9  +  0.67/3.0  +  0.26/3.1 

This  is  the  "fuzzy"  PSR  for  the  pavement  section  under  con- 
sideration. The  PSR  of  a  section  originates  from  subjective 
judgments  which  support  a  region  of  values  rather  than  a  single 
value.  The  conventional  PSR  is  a  discrete  number  and  thus  does 
not  indicate  this  region  of  PSR,  supported  by  the  members  of  the 
panel.  On  the  other  hand,  the  fuzzy  PSR  shows  this  region  of 
support  as  well  as  the  degree  of  support  for  each  value.   In 
addition,  it  incorporates  each  individual's  perceptiveness  of 
pavements  while  carrying  his  judgment  up  to  the  final  stage  of 
the  analysis.   These  advantages  show  the  proposed  fuzzy  PSR  to  be 
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an  improvement  over  the  conventional  determination. 

The  group  importance  factors,  a ,  depend  on  each  group's 
perceptiveness  of  how  the  highway  performs  and  how  the  sources  of 
the  roughness  influence  that  performance.  Similar  remarks  apply 
to  subgroup  factors  w  as  well.   These  and  the  uncertainty  in  the 
individual  rating  (r. ,)  are  to  be  obtained  by  consulting  highway 
experts.  The  author  prepared  a  questionnaire  (No.  1  in  Appendix 
F)  to  obtain  the  factors  denoting  the  relative  significance  of 
possible  panel  groups  and  the  relative  weights  for  the  subgroups. 
In  addition  a  subjective  opinion  of  the  extent  of  vagueness  of 
individual  opinions  (r   )  was  also  sought  in  this  questionnaire. 
A  limited  number  of  responses  have  been  received  from  experts 
from  the  Federal  Highway  Administration  and  the  Indiana  Depart- 
ment of  Highways.  They  serve  as  a  basis  for  the  numerical  exam- 
ples presented  in  the  dissertation.   Further  information  is  being 
sought  by  another  research  associated  with  this  project  to  pro- 
vide the  data  base  and  expert  knowledge  necessary  for  implementa- 
tion of  the  concepts  proposed  herein. 

Imprecise  importance  factors 

In  the  previous  section  it  was  shown  that  fuzzy  sets  can 
effectively  model  human  uncertainty  and  also  incorporate  profes- 
sional judgment  in  decision  making.   It  is  realized  that  since 
the  factors  a  represent  experts'  collective  judgment,  they  may 
not  be  precisely  defined  parameters  and  may  be  fuzzy  sets.   The 
possibility  of  having  fuzzy  a   can  be  incorporated  in  the 
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operations  of  concentration  and  dilation  using  Type  2  fuzzy  sets. 
It  is  shown  herein  that  Type  2  fuzzy  sets  are  encountered  when 
the  decision  making  process  involves  concentrating  or  dilating 
professional  judgment  with  fuzzy  a  factors. 

The  concept  of  fuzzy  sets  of  Type  2  has  been  proposed  as  an 
extension  of  ordinary  fuzzy  sets  for  such  cases  where  the  member- 
ship function  is  itself  a  fuzzy  set,  i.e.  the  "grade  of  member- 
ship" or  "degree  of  belief"  is  fuzzy  (Zadeh,  1974).   Type  2  fuzzy 
sets  are  intuitively  appealing  for  engineering  applications  as, 
very  often,  it  is  difficult  to  assign  or  develop  crisp  member- 
ships. 

Mathematically,  Type  2  fuzzy  sets  are  those  for  which  the 

function  ^(x)  is  not  a  direct  mapping  of  the  space  X  on  the 

interval  [0,1]  (Chapter  2),  but  is  itself  a  fuzzy  set;  they  can 

be  represented  as  follows  : 

A  =  U  u  (x. )/x.     x,  £  X  (40a) 

.   A  i    l      i 

with 

W  =  U  f(ui)/ui    ui  e  I0*1!  <40b) 

j 

In  this  latter  equation,  the  function  f(.)  is  also  a  membership 

function  which,  to  each  value  u.,  associates  a  number  in  the 

J 

interval  [0,1]. 

Although  Type  2  fuzzy  sets  are  not  in  frequent  use,  the 
basic  operations  for  this  class  of  sets  have  been  defined 
(Mizumuto  and  Tanaka,  1976).   In  particular,  the  union  and 
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intersection  operations  of  ordinary  sets  have  been  extended  to 
form  the  "Join"  and  "Meet"  operations,  respectively,  as  follows  : 

Join:   If  A  and  B  are  Type  2  fuzzy  sets  with 

UA(x)  =  U  f(Ul)/Ul 
and  Ug(x)  =  U  g(v  )/v  , 

then  C  =  A  U  B  is  a  Type  2  fuzzy  set  with 

u„(x)  =  U   f(u.)A  g(v.)  /(u.v  v.)  (41) 

c     ifi  i     j    i   J 

where  *  and  v  denote  "min"  and  "max",  respectively. 
Meet:   D  =  A  B  is  also  a  fuzzy  set  with 

V     (x)  =  U   f(u)Ag(v)   /(u  A  V  )  (42) 

The  extended  algebraic  product  can  also  be  defined  as  : 

UA.B  =  U   f<ui)A  g(vj)/(ui.vj)  (43) 

■*■ » J 
The  operations  of  concentration  and  dilation  of  a  fuzzy  set  A  can 

be  written  as: 

Aa=  U   m(x  )   %  (44) 

i 

The  parameter  a  is  an  index  which  reflects  the  level  of  impor- 
tance and  relative  significance  of  an  individual  or  a  group  of 
individuals  (equation  34). 

By  using  the  definition  of  the  exponential  and  scalar  multi- 
plication of  fuzzy  numbers  (Dubois  and  Prade,  1980),  it  can  be 
shown  that  if  the  exponent  a  is  also  a  fuzzy  set  with  a 
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membership  function  given  by  the  expression 


«-  0  f(y,)/y,  (45) 


Then  A  is  a  fuzzy  set  of  Type  2 


Aa=  U  u  /x  (46a) 

1 


where 


ut  =  U  f(yj)/[u(xi)]  J  (46b) 


A  mathematical  proof  of  this  result  is  given  in  the  Appendix 
B.   As  an  illustration,  consider  the  fuzzy  opinions  of  groups  A 
and  B  in  the  previous  example.  To  avoid  the  numerical  complexity 
arising  from  a  large  number  of  terras,  let  us  consider  only  the 
terms  with  relatively  high  memberships  : 

engineers   A  =  1.0/2.9  +  0.9/3.0  +  0.6/3.1 
laymen      B  =  0.8/2.8  +  1.0/2.9  +  0.7/3.0 

Let  us  assume  that  instead  of  the  values  2.0  and  0.5  used  in 
the  previous  section,  the  indices  a  and  B  are  imprecise  and  the 
following  fuzzy  sets  are  required  to  express  the  highway  experts' 
opinion  regarding  the  importance  of  each  group  : 

a  =  0.6/1.5  +  0.8/2.0 
B  =  0.8/0.5  +  0.6/1.0 

It  should  be  mentioned  here  that  a  and  B  fuzzy  sets  can  be 
directly  obtained  from  a  survey  of  expert  responses  by  the  method 
used  to  obtain  acceptable  serviceability  ratings  (Chapter  5). 
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By  applying  equations  (46a)  and  (46b),  the 
concentrated/dilated  Type  2  fuzzy  sets  shown  In  Table  4  are 
obtained.  These  modified  group  opinions  can  now  be  aggregated 
using  the  algebraic  product  operator  (equation  (43)).  The  result- 
ing PSR  ,  which  is  also  a  Type  2  fuzzy  set,  is  shown  in  Table  5. 
Although  somewhat  more  complex  than  the  ordinary  fuzzy  PSR,  a 
physical  interpretation  of  this  fuzzy  PSR  is  possible.  For 
instance,  Table  5  shows  that  there  is  combined  panel  support  for 
2.9  and  3.0  as  the  PSR  of  this  pavement  section.  The  degree  of 
belief  in  2.9  is  1.0,  whereas  that  in  3.0  is  between  0.6  and  0.71 
with  more  support  surrounding  0.68  . 

Variability  of  the  Roadmeter  reading 

The  next  step  is  to  correlate  the  PSR  with  Roadmeter  meas- 
urements to  obtain  a  PSR-RR  relationship  for  the  highway  network. 
In  Indiana,  a  PCA  Roadmeter  Is  used  to  evaluate  pavement  rough- 
ness at  the  network,  level.  This  Roadmeter  must  be  calibrated  from 
time  to  time  using  a  set  of  rated  pavement  sections.  It  is  known 
that  there  is  an  inherent  variability  associated  with  the  Roadme- 
ter. Its  mechanism  records  the  cumulative  vertical  movement  along 
the  pavement  profile,  which  is  a  measure  of  the  roughness  of  the 
section.  The  Roadmeter  count  depends  on  the  exact  path  traced  by 
the  vehicle;  thus,  repeated  measurements  exhibit  a  scatter.  This 
is  characteristic  of  imprecise  measurements.  Representing  such  a 
reading  by  a  fuzzy  number  can  be  more  meaningful. 
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Table  4.   Concentration  and  Dilation  of  Opinions 


PSR 


*    a 
A  =  A 


*    3 
B  =  BP 


2.8 


2.9 


3.0 


0.8/0.89 
+  0.6/0.8 


0.8/1.00 
+  0.8/0.81 


0.8/1.0 


0.6/0.85 
+  0.8/0.36 


0.8/0.84 
+  0.6/0.7 


3.1 


0.6/0.47 


Table  5.   Fuzzy  PSR 


PSR 


PSR= 

aV 


2.9 


3.0 


0.80/1.0 


0.60/0.71  +  0.80/0.68 
0.6/0.6 
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This  idea  can  be  further  clarified  in  the  following  manner. 
Assume  that  an  actual  representative  roughness  of  the  section,  X, 
exists  which  cannot  be  precisely  identified  by  the  roadmeter 
because  it  produces  different  counts  on  repeated  passes.  When 
only  one  Roadmeter  reading,  x,  is  available,  the  statement  "X  is 
approximately  x"  can  be  made.  Therefore  as  far  as  the  Roadmeter 
is  concerned,  X,  the  actual  roughness,  is  a  fuzzy  number  with  x 
taking  the  maximum  membership. 

Another  concern  of  the  Indiana  Department  of  Highways  is  the 
influence  of  the  following  factors  on  the  Roadmeter  reading  :  (1) 
gas  tank,  level;  (2)  climatic  changes,  and  (3)  driver  characteris- 
tics.  Although  these  factors  may  cause  a  significant  variation, 
present  statistical  models  have  not  been  able  to  incorporate  them 
successfully.  One  reason  for  this  is  the  difficulty  in  quantify- 
ing these  effects.   In  view  of  this,  it  is  more  convenient  to 
think,  of  these  effects  as  imprecisions,  or  vagueness  induced  by 
the  above  factors  on  the  reading.  This  further  supports  the  use 
of  a  fuzzy  number  to  represent  the  Roadmeter  reading. 

The  theory  of  fuzzy  sets  provides  an  effective  means  of 
solving  problems  where  imprecision  or  system  uncertainty  occurs, 
provided  that  an  estimate  of  the  extent  of  variation  is  avail- 
able. Prugovecki's  (1974)  representation  of   incompatible  meas- 
urements by  fuzzy  sets,  and  Jain's  (1976)  fuzzy  tolerance 
analysis  are  two  examples  where  imprecise  measurements  are  fuzzi- 
fied.  Prugovecki  (1976)  stated  that  measurement  of  observables 
in  quantum  mechanics,  such  as  the  measurement  of  a  microsystem, 
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carried  out  on  a  macroscopic  level,  do  not  yield  sharply  local- 
ized results.  Thus,  in  his  work  he  adopted  the  postulate  that 
such  measurements  can  be  called  fuzzy  events  represented  by  nor- 
malized fuzzy  sets.  Then  he  presented  fuzzy  probabilistic  con- 
cepts which  can  be  used  for  the  determination  of  membership  func- 
tions for  such  fuzzy  sets.  Jain  (1976)  incorporated  the  tolerance 
interval  of  a  measured  resistance,  in  electrical  circuit 
analysis,  by  treating  the  resistance  as  a  fuzzy  set.  On  using  a 
constant  membership  function  within  the  tolerance  interval  for 
the  fuzzy  resistance,  he  used  fuzzy  sets  techniques  for  the  cir- 
cuit analysis.  Following  along  these  lines,  fuzzif ication  of 
Roadmeter  readings  is  elaborated  in  the  next  section  as  one 
approach  to  handle  its  inherent  variability. 

Fuzzif ication  of  Roadmeter  reading 

In  representing  a  reading  by  a  fuzzy  number,  the  fuzzifica- 
tion  technique  suggested  by  Zadeh  (1973)  can  be  adopted.   First, 
all  the  factors  contributing  to  the  imprecision  are  identified. 
Then,  a  kernel  of  fuzzif ication  is  formed  for  each  factor  accord- 
ing to  the  extent  of  variation  it  causes.   Such  a  kernel  is  a 
fuzzy  set  having  a  range  of  support  equal  to  the  possible  varia- 
tion caused  by  that  factor. 

When  a  kernel,  K(x),  defined  by  a  fuzzy  set  : 

k(x)  =  u  \(x)(y)/y  <47a> 

is  operated  on  the  element  x  of  a  fuzzy  set  A  where, 
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A  -  U  yA(x)/x  (47b) 

it  increases  the  vagueness  of  the  fuzzy  set  and  produces  a  "fuz- 
zier" set  : 

F  -  u  ^.(y)/y  (47c) 

where 

^.(y)  -  uA(x).uK(y)  (47d) 

As  an  example,    if    the   observed  scatter   of    the  Roadmeter 
count   due   to   inability   of   repetition   is   30%   of    the   reading  x,    one 
possible  kernel   that  will   represent   this   uncertainty   is: 

K^x)   =   0.0/0.85x  +  0.34/0.9x  +  0.66/0.95x  +   1.0/x 

+  0.66/1.05x  +  0.34/l.lx  +  0.0/1.15x 
where   the   membership   function   is   assumed   to   be    linear.      If   a 
roadmeter  count   of    1000   is  measured,    it   can  be  written  as   a  crisp 
fuzzy   set: 

A  =    1.0/1000 

and,  operating  L  on  A  produces  : 

F  =  0.0/850  +  0.34/900  +  0.66/950  +  1.0/1000 

+  0.66/1050  +  0.34/1100  +  0.0/1150 
This  shows  that  a  Roadmeter  reading  of  1000,  can  actually  indi- 
cate any  value  between  850  and  1150  due  to  possible  variations 
observed  in  repeated  measurements,  with  the  highest  degree  of 
support  being  on  the  measured  value. 

Let  KG^»  KD^X^'  and  Kyt*)  be  kernels  associated  with 

variations  of  gas  tank  level,  driver  characteristics  and  climate 
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respect  I vely,  for  any  Roadmeter  count  x.  The  four  kernels  can  be 
operated  successively  on  the  measured  value  x  to  derive  a  fuzzy 
Roadmeter  count,  which  includes  the  variability  due  to  all  of  the 
relevant  factors.   Several  such  operations  can  become  cumbersome 
and  would  involve  excessive  computer  time.  This  problem  can  be 
avoided  by  forming  one  single  kernel  out  of  all  the  constituent 
kernels : 

K(x)  =  K^x)  .  KG(x)  .  KpCx)  .  Ks(x)  (48a) 

K(x)  can  operate  on  any  reading  as  a  single  operator.  Using 
basic  fuzzy  algebra  it  can  be  shown  that  such  a  single  operation 
does  not  change  the  final  result.   The  following  example  illus- 
trates the  successive  fuzzif ication  procedure. 

Let  us  assume  that  the  roughness  measured  on  a  certain  pave- 
ment is  2000.   Further,  assume  for  simplicity  that  the  maximum 
variation  in  readings  for  the  same  pavement  section  on  repeated 
passes  is  7.5%  and  the  maximum  variations  due  to  the  changes  in 
gas  tank  level,  driver  characteristics  and  climate  are  5.0%  each. 
The  above  information  can  be  obtained  either  by  examining  past 
data,  or  by  consulting  highway  experts. 

It  is  possible  to  assign  a  membership  function  for  the  ker- 
nel of  a  continuous  variable  such  as  the  Roadmeter  reading,  using 
a  proper  algebraic  function.   In  practice,  discretization  into  a 
number  of  specified  intervals  is  neccessary,  especially  when 
memberships  are  manipulated  with  the  computer.   Suppose  such  an 
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interval  of  1.25%  is  chosen  in  the  present  case,  and  the  follow- 
ing fuzzy  kernels  are  formed  based  on  ir  curves  (equation  (29)). 


KR(x)  =  0.22/0.975x  +  0.78/0.9875x  +  1.0/x  +  0.78/1.0125x 
+  0.22/1.025x 


VX)  =  KD(x)  m  KV(x)  =  °«5/0.9875x  +  1.0/x  +  0.5/1.0125x 
Then  the  combination  of  kernels  can  be  done  as  follows: 

Kv(x).KD(x)  =  [0.5/0.9875x  +  1.0/x  +  0.5/1.0125x] 
[0.5/0.9875x  +  1.0/x  +  0.5/1.0125x] 
=  [0.25/0.975x  +  0.5/0.9875x  +  1.0/x  +  0.5/1.0125x 
+  0.25/1.025x] 

Proceeding  in  this  manner  leads  to  : 

K(x)  =  ^(x)  .  KQ(x)  .  KG(x)  .  KR(x) 

=  0.03/0.9375x  +  0.10/0.95x  +  0.20/0.9625x  +  0.39/0.975x 
+  0.78/0.9875x  +  1.00/x  +  0.78/1.0125x  +  0.39/1.025x 
+  0.20/1.0375x  +  0.10/1.05x  +  0.03/1.0625x 

It  is  realized  that  formation  of  such  a  combined  kernel 
vastly  reduces  computer  time  and  storage  because  the  successive 
fuzzif ication  will  not  have  to  be  performed  everytime  a  different 
pavement  section  is  analysed.   This  combined  kernel  can  now 
operate  on  a  Roadmeter  reading  of  2000,  to  produce: 
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RR  =  0.03/1875  +  0.10/1900  +  0.20/1925  +  0.39/1950 

+  0.78/1975  +  1.0/2000  +  0.78/2025  +  0.39/2050 

+  0.20/2075  +  0.10/2100  +  0.03/2125 
This  is  the  final  fuzzy  roadraeter  reading  depicting  the  varia- 
tions due  to  the  above  factors. 

The  most  important  stage  of  the  procedure  is  the  formation 
of  the  membership  functions  of  the  respective  kernels.  Informa- 
tion on  the  variations  caused  by  the  factors  that  are  known  to 
influence  the  Roadmeter  reading,  can  be  sought  from  highway 
engineers  and  experts  who  are  knowledgeable  in  these  research 
areas,  and  have  used  the  Roadmeter  extensively.   Because  the 
relevant  data  collected  over  a  time  can  also  be  valuable,  experts 
can  make  use  of  such  documentation  in  imparting  their  knowledge. 
Questionnaires  were  prepared  (Nos.  2  and  3  in  Appendix  F)  to  seek 
information  from  highway  personnel  on  this  new  idea  of  fuzzifica- 
tion  of  imprecise  measurements. 

Selecting  the  shape  of  the  curve  to  be  used  is  again  left  to 
the  analyst.   It  is  logical  to  expect  the  variation  caused  by  the 
influencing  factors  to  be  symmetrical  with  respect  to  the  meas- 
ured value.   Therefore,  any  kernel  should  produce  a  fuzzy  number 
with  a  symmetric  membership  function  when  operated  on  a  given 
measured  value.   This  condition  can  only  be  satisfied  by  a  kernel 
with  an  L-L  type  membership  function  (Figure  4b).  To  maintain 
consistency  with  the  work  presented  so  far,  ir  curves  (equations 
29a  and  29b)  have  been  selected  to  describe  membership  functions 
of  the  different  kernels.   To  express  a  kernel  of  fuzzif ication 
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by  a  if  curve,  equations  (29a)  and  (29b)  can  be  modified  to, 

K  -  n(  x,  6)  (48b) 

where  x  is  the  reading  to  be  fuzzified. 

PSR  -  RR  relationship 

At  present,  the  pavement  serviceability  rating  and  the 
Roadmeter  reading  are  correlated  by  linear  regression  analysis 
since  both  are  considered  as  random  variables.   In  the  proposed 
approach,  both  PSR  and  the  Roadmeter  reading  are  expressed  as 
fuzzy  variables,  and  they  can  be  correlated  using  a  fuzzy  rela- 
tionship,  (see  fuzzy  relations,  Chapter  2).  Equations  (10)  and 
(16)  can  be  used  to  form  this  relation,  with  X  and  Y  replaced  by 
PSR  and  RR  (roadmeter  reading),  respectively.   Then,  the  fuzzy 
relation  can  be  expressed  by: 

R  -  PSR  X  RR  (49) 

with 

WV =min  'WV'W1  (50) 

When  a  set  of  data  is  available  for  correlation,  such  com- 
ponent fuzzy  relations  are  formed  for  each  pair  of  data.   Let  us 
consider  the  example  discussed  in  the  PSR  formulation  and  let  the 
corresponding  roadmeter  reading  for  that  pavement  section  be  800. 
Assuming  the  range  of  variation  of  this  reading  due  to  all  the 
relevant  factors  to  be  10%,  a  simple  fuzzif ication  can  be  per- 
formed on  this  reading  (Figure  7): 
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RR  =  0.125/770  +  0.50/780  +  0.875/790  +  1.0/800  +  0.875/810 

+  0.50/820  +  0.125/830 
Since  the  fuzzy  PSR  was  expressed  by  : 

PSR  =  0.22/2.8  +  1.0/2.9  +  0.67/3.0  +  0.26/3.1, 
the  binary  fuzzy  relationship  between  PSR  and  RR  is  formed 
according  to  equation  (50).   As  an  example,  vt,  (3.0,  790)  is 
0.67,  the  minimum  of  UpgR  (3.0)  -  0.67  and  w^  (790)  -  0.875. 
Repeating  this  operation  for  each  set  of  values  results  in  Table 
6.  Membership  values  of  a  fuzzy  relation  are  analogous  to  the 
strength  of  the  link  between  the  corresponding  RR  and  PSR  values. 
For  example,  RR  =  800  and  PSR  =2.9  are  strongly  linked  (member- 
ship values  =  1.0)  whereas  RR  =  830  and  PSR  =3.1  are  weakly 
related  (membership  value  =  0.26). 

Such  relationships  can  be  formed  for  all  the  sample  sec- 
tions, covering  wide  ranges  of  PSR  and  RR.   Let  R,  denote  such  a 
relation  with  a  membership  function  vjl  (x  ,y  )  obtained  from  the 

k   sample  section.   For  a  given  pair  (x.,y.),  different  member- 
ships will  result  from  relations  formed  for  different  sections. 
In  forming  the  resultant  membership  for  the  pair  (x. ,y.),  member- 
ship components  from  all  pavement  sections  must  be  summed  up. 
Thus,  according  to  fuzzy  logic,  the  union  operator  can  be  used  as 
follows  : 

yx±,y  >  =  u  ^  (x.,y  )  (51) 

J    k   k     J 

This  results  in  the  global  PSR-RR  relationship  for  the  highway 
network. 
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Table  6.   Fuzzy  PSR-  roadmeter  reading  relationship. 


\ 

RR 

PSR 

\ 
\ 

770 

780 

790 

800 

810 

820 

830 

2.8 

0.125 

0.22 

0.22 

0.22 

0.22 

0.22 

0.125 

2.9 

0.125 

0.50 

0.875 

1.0 

0.875 

0.50 

0.125 

3.0 

0.125 

0.50 

0.67 

0.67 

0.67 

0.50 

0.125 

3.1 

0.125 

0.26 

0.26 

0.26 

0.26 

0.26 

0.125 
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PSR  -  RR  data  for  the  highway  network,  available  in  the  form 
of  a  global  fuzzy  relationship,  can  now  be  used  to  determine  the 
pavement  serviceability  index  (PSI)  for  a  particular  pavement 
section,  knowing  the  roadmeter  reading.   This  can  be  achieved  by 
the  composition  operation  described  in  Chapter  2.   Given  the 
PSR-RR  global  relation  R,  the  PSR  induced  by  a  known  fuzzified 
roadmeter  reading  RR  is  found  by  : 

PSI  =  RR.  R  (52) 

UpSI(x)  =  sup  min  [  i^Cy),  J^(x,y)  ]  (53) 

y 

where  PSI  is  defined  as  the  pavement  serviceability  index  of  the 
section. 

As  an  example,  suppose  that  the  fuzzified  form  of  the  roadm- 
eter reading  for  a  different  pavement  section  is  given  by: 

RR'  =  0.6/810  +  1.0/820  +  0.6/830 

The  corresponding  fuzzy  PSI  for  this  section  is  obtained  accord- 
ing to  equation  (53)  by  composing  RR'  with  the  fuzzy  relation  in 
Table  6,  which  is  assumed  to  be  the  global  relationship  for  sim- 
plicity. 

PSI  =  0.22/2.8  +  0.6/2.9  +  0.6/3.0  +  0.26/3.1 

Given  the  roadmeter  reading,  the  PSI  of  any  pavement  section 
depends  on  the  strength  of  correlation  between  PSR  and  roadmeter 
readings  of  all  pavement  sections.   Thus,  the  global  relationship 
must  be  used  in  the  above  composition,  which  involves  more  com- 
plicated calculations.  A  computer  program  ROAD  has  been  written 
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for  this  purpose  and  is  used  in  the  numerical  example  in  Chapter 
6  where  further  illustrations  are  made. 

A  different  line  of  thought  exists  maintaining  that  a 
recorded  single  reading  is  not  proper  to  be  fuzzified.  This  means 
that  any  variation  has  to  be  treated  as  a  random  variation.   In 
view  of  this,  an  alternative  procedure  to  combine  the  PSR  with 
the  roadmeter  reading  was  formulated.   In  this  approach  the 
latter  is  treated  as  a  random  variable  while  retaining  the  fuzzy 
form  of  PSR.   The  relationship  between  RR  and  PSR  is  obtained 
through  fuzzy  linear  regression  (Tanaka  et  al,  1982). 

PSR  -  RR  regression 

Information  is  usually  available  in  two  forms,  namely  exact 
(crisp)  information  and  vague  (fuzzy)  information.   Therefore, 
more  than  one  technique  is  required  to  correlate  two  different 
sets  of  quantities  which  are  known  to  depend  on  each  other. 

In  statistical  theories,  relationships  are  obtained  between 
two  crisp  information  sets  using  regression  analysis.   As  shown 
in  Chapter  2  and  earlier  parts  of  this  chapter,  techniques  are 
available  in  fuzzy  sets  theory  to  form  relationships  between 
fuzzy  information  sets.   Recently,  a  fuzzy  regression  procedure 
was  introduced  by  Tanaka  et  al  (1982),  whereby  a  set  of  crisp 
information  can  be  correlated  to  a  set  of  fuzzy  information. 
This  technique  will  be  used  here  in  correlating  the  Roadmeter 
reading,  considered  as  a  random  variable,  to  the  fuzzy  pavement 
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serviceability  rating  (PSR)  of  a  pavement  section. 

If  X  ,  X  , X  are  n  independent  random  variables  to  be 

correlated  to  fuzzy  variable  Y  ,  the  linear  regression  equation 
will  have  the  form 


Y  =  A,  X.  +  A„  X  +  A  X  (54) 

112   2  n  n 


where  A  are  the  fuzzy  coefficients  to  be  determined  by  the 
regression  analysis.   If  it  is  assumed  that  the  fuzzy  coeffi- 
cients A",  are  symmetric  and  can  be  described  by  tt  curves  (Figure 
8a),  it  can  be  shown  (Appendix  C)  that  for  known  X,  the  fuzzy  set 
for  Y  generated  by  equation  (54)  also  has  a  it  form  (Figure  8b), 
where  : 


Y  =  Y,x.  +  y  x  (55) 

11  n  n 

3  =  6.x,  +  3  x  (56) 

11  n  n 

Considering  the  j   sample  of  data  with  input; 

x.,   xJO  x.  ,  and  output:   Y.,  the  output  from  the  regres- 

jl.   j2        jn'        r  y 

sion  model  in  equation  (54)  will  be 

J  1      jl  2      j2  n      jn 


l=A,    x„    +1    x]n+ A     x,  (57) 


where 


Y-    Ey     x.  ,  (58) 

i     x      1J 

3=L3iXij  (59) 
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»-  a 


a)   Fuzzy  set  A 


P 


b )   Fuzzy  set  Y* 


Figure  8.   Fuzzy  sets  A.  and  Y* 

1 
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The  objective  is  to  find  A.(y.  ,3  )  that  produces  the  closest 
fitting  between  output  (Y.)  and  the  data  (Y  ). 

The  degree  of  fitting  between  Y  and  Y   is  defined  as  the 
maximum  h  for  which  the  following  relation  holds  : 

~h     ~*h 
where  Y  and  Y.   are  h-cut  sets  (Dubois  and  Prade,  1980)  defined 

by  : 

Y*  =  {y/u,  (y)  61) 


',  =  {y/n,  (y)   >  h} 

J        i 


**h  =  {y/v(y)  >  h}  (62) 

The   h-cuts   are   subsets   of  Y  .  and  Y  .   for  which   the   membership 

J      J 

values  are  not  less  than  h.   Zadeh  also  called  these  sets,  h 
level  fuzzy  sets.   For  any  data  set  j,  the  degree  of  fitting  (h  ) 
is  shown  in  Figure  9.   The  difficulty  in  obtaining  a  closed  form 
solution  for  h   is  apparent  and  a  numerical  program  was  developed 
to  solve  for  h  . 

If  the  desired  degree  of  fitting  for  the  whole  set  of  data 
(j  =  1  N)  is  H,  then  the  condition  of  fitting  is  : 


min  (h.)  >   H  (63) 

j     J 

The  objective  of  the  analysis  is  to  find  the  values  of  Y, , 
3i  subject  to  the  condition  in  equation  (63).   Since  an  infinite 
number  of  solutions  may  satisfy  this  condition,  an  additional 
condition  must  be  introduced  for  uniqueness.  For  this  purpose  the 
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PSR 


RR 


Figure  9  .   1'  S  R  -  Roadmcter  reading 
cor rel at  ion 
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"vagueness"  of  the  model  is  defined  as: 


J  =  3,  + 3  (64) 

1  n 


and  the  optimum  solution  of  A   ( y   ,  3.  )  is  the  one  which  minimizes 
the  vagueness  of  the  model  (J)  subjected  to  the  condition  in 
equation  (63). 

The  degree  of  fitting  H  can  lie  between  0  and  1.0  (Figure 
10),  with  the  best  possible  fit  corresponding  to  a  value  of  H  of 
1.0.   Therefore  any  desired  degree  of  fitting  can  be  achieved  by 
assigning  a  suitable  value  for  H. 

Once  the  fuzzy  coefficients  A  ,  defined  by  y,    and  3.  are 
found  using  N  data  sets,  the  fuzzy  set  Y,  corresponding  to  any 
other  sets  of  data,  x  ,  can  be  obtained  from  equations  (55)  and 
(56). 

In  the  special  case  of  the  PSR  -  RR  correlation,  equation 
(54)  is  simplified  to  (Figure  10)  : 


PSI  =  A  +  A   (RR)  (65) 


A  and  A  are  assumed  to  be  n  curves  defined  by  the  parameters 
(Y  ,  3.)  and  (y2>  k) »  respectively.  PSI  is  the  fuzzy  pavement 
serviceability  index. 

According  to  Appendix  C,  for  a  certain  Roadmeter  input  and 
known  A,  and  A„  represented  by  ir  curves,  the  PSI  obtained  from 
the  model  is  also  a  fuzzy  set  represented  by  a  tt  curve  with 
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Y  -  Yx  +  Y2  (RR)  (66) 

and    3  -  R.  +  fy    (RR)  (67) 

Solution  for  A  ( t   ,  3  )  and  A„(t2,  (O  SUDJect  to  the  condi- 
tions in  equations  (63)  and  (64)  was  done  using  a  computerized 
Iterative  procedure.   With  this  solution,  given  the  Roadmeter 
reading,  the  PSI  of  any  pavement  section  can  be  found  from  equa- 
tions (66)  and  (67)  as  a  ir  curve. 

As  an  example,  the  dark  lines  in  Figures  11. a,  ll.b  and  ll.c 
show  the  fuzzy  PSR  sets  for  three  pavement  sections,  with  Roadme- 
ter readings  of  500,  1000  and  1500  respectively. 

By  fitting  a  model  PSI  =  A  +  A   (RR)  to  these  data  and 
assuming  ti  curves  for  A.  and  A„  for  a  degree  of  fitness  of  0.1, 
the  following  results  were  produced  : 


A   =  tt  (3.6,  0.98) 


X   =  it  (-0.0008,  0.00036) 


With  these  data  it  was  not  possible  to  achieve  a  higher 
degree  of  fitness.   Therefore  it  is  seen  that  the  degree  of  fit- 
ness (H)  is  not  arbitrary  and  is  often  determined  by  the  problem 
formation  itself. 

The  dotted  lines  in  the  same  figure  represent  the  fitted 
curves  in  each  case.   For  example  from  these  results  the  exten- 
sion principle  yields  the  following  fuzzy  PSI  set  for  a  section 
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x   PSR  data 

fitted  curve 


(c)      Section   3 


Figure     11.        Results    of    Fuzzy    regression 
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with  a  Roadmeter  reading  of  1250  : 

PS1  =  it  (2.6,  1.43) 

In  this  chapter,  a  procedure  was  created  for  forming  a  fuzzy 
PSR  model.   Two  alternative  methods  of  obtaining  the  fuzzy  PSI  of 
a  pavement  section,  through  correlations  with  Roadmeter  readings, 
are  also  outlined.  However,  this  is  only  the  first  stage  of  the 
pavement  management  program.  Later,  it  will  be  shown  how  this 
PSI,  in  its  fuzzy  form,  becomes  a  tool  to  determine  maintenance 
needs  of  the  highway  network. 
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CHAPTER  4  :  PAVEMENT  EVALUATION  2  :  SKID,  DEFLECTION  AND  DISTRESS 

Skid-tester  and  Dynaflect  variability 

In  Indiana,  the  skid-resistance  and  structural  adequacy  of  a 
pavement  section  are  evaluated  using  a  trailer  type  Skid-tester 
and  a  Dynaflect,  respectively.  The  Skid-tester  measures  the  coef- 
ficient of  friction  of  the  pavement  surface  and  converts  it  to  a 
friction  number,  while  the  Dynaflect  measures  the  deflection 
under  a  static  load.  Details  of  these  instruments  and  their 
measuring  systems  are  found  in  the  literature  (Mohan,  1978  and 
Metwali,  1981). 

Several  variables  are  known  to  affect  these  measurements  and 
to  introduce  uncertainty  into  the  recorded  data.   Several  analyt- 
ical techniques  (Mohan, 1978  and  Metwali,  1981)  have  been  sug- 
gested to  handle  this  uncertainty  based  on  statistical  concepts. 
It  is  shown  in  this  chapter  that,  although  a  part  of  this  uncer- 
tainty is  random  in  nature,  system  uncertainty  also  plays  a  major 
role.   Several  modifications  to  the  present  techniques  are  sug- 
gested herein  based  on  the  theory  of  fuzzy  sets. 

Inspection  of  the  variability  associated  with  skid-tester 
and  dynaflect  reveals  many  similarities.  Four  common  sources  of 
variation  affect  these  two  measurements.   Further  discussion  will 
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be  made  in  the  light  of  these  four  sources. 

Inability  of  repetition 

It  has  been  observed  that  repeated  trials  of  the  Dynaflect 
will  result  in  different  readings  at  the  same  location.   This 
inability  of  repetition  is  a  consequence  of  the  lack  of  precision 
in  the  measuring  system  and  is  one  type  of  system  uncertainty, 
similar  to  the  variability  of  the  Roadmeter  discussed  in  Chapter 
3.  Presently,  the  average  of  the  readings  of  a  specified  number 
of  tests  is  taken  as  the  Dynaflect  reading,  considering  this 
inherent  imprecision  as  a  random  uncertainty.  The  specified 
number  of  test  repetitions  is  decided  upon  by  the  null  hypothesis 
procedure  (Mohan,  1977). 

It  is  proposed  that,  by  introducing  a  "suitable"  interval  in 
place  of  a  discrete  reading,  fuzzy  sets  theory  can  be  used  to 
handle  this  imprecision.   Let  us  assume  that  the  actual  deflec- 
tion, X,  cannot  be  precisely  measured  and  x  is  the  average 
deflection  obtained  from  repeated  trials.   This  means  that  X  has 
a  possibility  of  taking  a  range  of  values  around  x.   However, 
repeated  measurements  indicate  an  average  of  x  suggesting  that 
there  is  a  high  possibility  of  the  actual  reading  lying  very 
close  to  x,  and  lesser  possibility  of  being  away  from  it.  There- 
fore, the  actual  reading  can  be  considered  as  a  fuzzy  number 
represented  by  a  membership  function  of  L-L  type  with  a  maximum 
at  x.   The  expert  advice  is  only  required  to  define  the  "spread" 
of  this  possibility  distribution. 
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Then,  the  corresponding  fuzzy  reading  (the  fuzzified  form  of 
X)  is  given  by  : 

X  =  [K]  x  (68) 

where  K,  the  kernel  of  fuzzlf tcation  (Chapter  3),  can  be  used  to 
define  the  required  possibility  distribution.  K  should  satisfy 
all  the  conditions  of  an  L-L  type  fuzzy  set.  Computation  tech- 
niques to  obtain  X  are  described  later  in  the  chapter. 

Variations  along  pavement  sections 

As  the  first  step  in  ranking  pavements  according  to  their 
maintenance  needs,  the  highway  section  is  delineated  into  a 
number  of  contract  sections  each  about  1  km  in  length.  A  fairly 
uniform  sub-section  400  meters  in  length,  within  the  contract 
section,  is  selected  as  a  test  section  for  measurements.  Spot 
tests  are  conducted  using  Skid-tester  and  Dynaflect  and  the 
values  obtained  at  a  certain  location  represent  the  whole  pave- 
ment section.  Therefore,  variations  along  a  section  clearly 
affect  such  a  representation. 

Currently,  the  average  of  a  specified  number  of  spot  tests 
is  treated  as  the  friction  number  or  the  deflection  of  the  sec- 
tion. The  determination  of  such  a  number  is  also  based  on  the 
null  hypothesis.   Assuming  these  sectional  variations  to  be  ran- 
dom in  nature,  it  is  best  to  account  for  them  using  the  current 
statistical  procedures.   Hence,  no  modification  is  introduced 
herein  for  the  sectional  variations. 
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Uncertainty  associated  with  conversion  factors 

In  some  cases  it  is  neccessary  to  convert  the  results 
obtained  under  one  set  of  conditions  to  another  set  of  condi- 
tions, using  correlation  factors.   For  example,  deflections  are 
easily  measured  at  the  center  of  pavements  but  they  must  be  con- 
verted to  those  at  the  edge,  since  edge  deflections  are  more 
critical  for  design  purposes.   A  marked  seasonal  variation  in 
deflection  values  has  also  been  observed  (Metwali,  1981),  the 
more  critical  ones  being  measured  during  the  spring  thaw  period. 
Since  it  is  more  efficient  to  take  measurements  during  the  fall 
season,  such  values  are  converted  to  spring  values,  using  corre- 
lation factors.  Metwali  (1981)  proposed  a  regression  analysis 
coupled  with  the  analysis  of  variance  method  to  obtain  these  fac- 
tors.  Imprecision  enters  these  manipulations  from  at  least  three 
sources  : 

i.   Correlation  between  quantities  are  often  not  exact, 

making  it  erroneous  to  use  a  precise  factor.  As  an  example, 
Metwali  (1981)  prepared  figures  correlating  maximum  spring 
deflections  to  those  of  summer  and  fall.  Although  he 
recommends  that  these  curves  be  used  to  predict  spring 
deflections,  such  crisp  conversions  are  inaccurate  and 
would  cause  errors  in  view  of  the  scatter  observed  in  the 
correlations. 

ti.   Mohan  (1978)  recommended  that  wherever  possible,  deflections 
should  be  measured  at  the  edge  location,  i.e.,  2  ft.  from  the 
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outer  edge,  except  for  pavements  which  have  been  widened. 
When  old  pavements  have  been  widened,  deflection  should  be 
taken  at  2  ft.  from  the  edge  of  the  old  pavements. 
This  creates  uncertainty  in  the  definition  of  the  "edge", 
especially  for  deteriorated  pavements. 

iii .  Subjective  judgment  is  involved  in  the  selection  of  statistical 
tests.  Mohan  (1977)  calculated  the  ratio  of  edge  deflection  to 
center  deflection  for  all  four  kinds  of  pavements  (asphalt, 
overlay,  JRC,  and  CRC  ),  based  on  the  80   percentile 
values  of  the  variance.  He  also  recommended  that  these  can  be 
used  to  predict  edge  deflections  from  the  center  deflections 
for  strengthening  designs.  The  80    percentile  was  selec- 
ted because  it  is  required  by  statistical  tests.  However,  the 
calculated  factors  can  be  different  if  a  different  percentile 
is  used  for  this  determination.  It  is  therefore  apparent  that 
this  "statistical  subjectivity"  also  introduces  imprecision 
to  the  factors. 

In  view  of  the  above  sources  of  uncertainty,  the  imprecise 
conversion  factors  can  be  represented  as  fuzzy  sets  supporting  a 
range  of  values.   Thus  : 

A  =  f  6  (69) 

where 

<5  =   measured   deflection. 

f  =  fuzzy  correlation  factor. 

A  =  fuzzified  deflection. 


78 

Since  such  a  representation  would  consider  all  possible  values  of 
the  factor,  it  is  believed  that  it  will  result  in  a  more  meaning- 
ful procedure.   Once  these  factors  are  fuzzlfied  with  the  aid  of 
experts,  they  can  be  used  for  regular  operations,  making  use  of 
the  extension  principle.   This  is  illustrated  later  in  the 
chapter. 

Variability  due  to  statistically  insignificant  factors 

Various  ambient  conditions  and  other  factors  have  been  men- 
tioned in  the  literature  (Mohan, 1978)  to  influence  pavement 
evaluations,  in  a  manner  that  cannot  be  statistically  predicted. 
Therefore,  these  variations  are  not  incorporated  in  the  existing 
models.  Effects  of  changes  in  ambient  temperature,  the  rainfall 
and  the  vehicle  speed  on  the  friction  measurements  fall  under 
this  category. 

An  attempt  is  made  herein  to  model  these  variations  as 
imprecision  in  the  measurements  and  to  include  them  in  the  regu- 
lar manipulations,  using  fuzzy  tolerance  analysis. 

If  x  is  a  measured  value,  the  fuzzified  measurement  is  given 
by  : 

X  =  [K]  x  (70) 

where 


K  -  K.  .  K,   K  (71) 

1     I  n 

is  the  composite  kernel  of  fuzzif ication  and  K  are  the  kernels 
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associated  with  each  type  of  variation.   Influence  of  gas  tank 
level,  driver  characteristics  and  climatic  changes  are  similar 
factors  that  affect  the  Roadraeter  count.  This  problem  was 
addressed  in  Chapter  3  using  techniques  similar  to  those  of  equa- 
tions (70)  and  (71). 

Fuzzif icatlon  of  friction  number  and  deflection 

Combination  of  kernels  associated  with  different  factors 
(equation  (71))  was  described  as  a  means  of  reducing  computer 
time  and  storage  in  Chapter  3.   Kernels  are  of  two  types:  those 
which  take  a  discrete  set  of  values,  and  others  with  a  continuous 
support  domain.  Some  mathematical  techniques  for  operations  with 
any  types  of  kernels  are  discussed  in  the  Appendix  D,  with  three 
cases  being  discussed  in  detail  :  (1)   combination  of  two 
discrete  kernels;  (2)   combination  of  two  continuous  kernels; 
and,  (3)   combination  of  a  discrete  kernel  and  a  continuous  ker- 
nel. 

These  procedures  can  be  extended  for  any  number  of  fuzzy 
kernels  by  treating  the  composite  kernel  at  any  intermediate 
stage  as  a  new  kernel.  The  ultimate  one,  depending  on  whether  it 
is  discrete  or  continuous,  can  operate  on  the  recorded  reading 
according  to  cases  (4)  and  (5)  in  the  Appendix  D.   Discrete  sets 
can  be  stored  in  arrays  containing  each  individual  membership, 
and  a  new,  and  usually  larger,  array  is  developed  for  the  compo- 
site kernel.   However,  most  of  the  present  work  involves  continu- 
ous kernels,  as  pavement  deflection  and  friction  number  are 
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continuous  variables.  For  numerical  purposes,  continuous  fuzzy 
sets  can  also  be  represented  by  arrays  which  store  the  member- 
ships of  a  series  of  values  separated  by  an  appropriate  interval. 
The  accuracy  of  the  result  can  be  increased  by  making  this  inter- 
val as  small  as  possible,  and  the  manipulations  can  be  carried 
out  as  in  the  case  of  discrete  sets.  The  computer  programs  SKID 
and  DEF  have  been  developed  to  :  (1)  Incorporate  the  effects  of 
temperature  and  rainfall  on  friction  number  (equations  (70)  and 
(71));  and,  (2)  Introduce  tolerance  intervals  in  the  Dynaflect 
reading  due  to  its  irrepeatability.  (equation  (68)). 

Two  questionnaires  (  Nos.  3  and  4)  were  prepared  to  seek 
highway  engineers'  opinions  on  the  extent  of  variation  (  as  a 
percentage  )  of  a  measured  friction  number  due  to  changes  in 
vehicle  speed  and  climatic  conditions,  and  the  tolerance  interval 
(as  a  percentage  )  to  be  introduced  into  the  deflection  to 
account  for  Dynaflect  irrepeatability.  Kernels  were  formed  based 
on  ir  curves,  with  the  variation  or  tolerance  on  either  side  of 
the  mean  value  assigned  to  3  In  equation  (29).   These  continuous 
kernels  are  then  discretized  using  an  interval  of  discretization 
selected  by  the  users  of  DEF  and  SKID  computer  programs.   List- 
ings of  these  programs  are  given  in  the  Appendix  H. 

Use  of  inexact  factors 

It  was  shown  earlier  that  fuzzy  sets  can  be  used  to  express 
imprecise  factors  used  for  conversions.  Important  mathematical 
results  useful  for  dealing  with  such  fuzzy  factors  are  presented 
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below  for  discrete  factors.   Continuous  factors  can  always  be 
discretlzed  for  computer  manipulations. 

Multiplication  of  a  crisp  number  by  a  fuzzy  factor  (Figure  12)  : 

The  fuzzy  factor  represented  by  : 

f  =  U  u./y     y  -  6  <  y  <  y  +  6  (72) 

X 

when  multiplied  by  the  crisp  number  6  yields  : 

F  -  f  .  6 

This   can  be   manipulated  by  applying  the   extension  principle, 


F  =  Uu/v.    6 
i      x      i 

If     x±  =  y±   .    6 


the  final  result  will  be  as  follows  : 


F   =  U   ]xt/yi±  6  .(y     -    6)    <  x.     <    6.(y     +    9  )  (73) 

Similarly,    if   f    is   continuous    (Figure    13),    the   final   result    is    : 

F   =    /    u/x  6   .(y*   -    6)    <  x    <    6.    (y*   +    0)  (74) 


Multiplication  of  a  fuzzy  number  by  a  discrete  fuzzy  factor  (Fig- 
ure 14)  : 

This  multiplication  is  useful  when  converting  a  fuzzified 
reading  corresponding  to  a  given  set  of  conditions  into  a  reading 
for  a  different  set  of  conditions,  using  a  fuzzy  factor.  Let  the 
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fuzzy  factor  be  given  by  equation  (72)  and  the  fuzzy  number  by  : 

6  =  U    v  /5  S-o<6<6+o  (75) 

j      J      J  1 

Using, 

F  =   f.    6 

and  by   substituting   for   f   and    6  gives    : 

F  -  (  u   n1/y1  )   (  U   M./6.) 

i  j 

This  can  be  manipulated  by  applying  the  extension  principle  : 

f  =  u  u  ma  u1/yl.«1 

i  j 

The  final  result  can  also  be  written  as  : 


F  =  U  U    u/x.  (76) 

i    j 
where, 


"k^i6: 

M  ■    M,  a   u . 
i        J 

it  it  it  it 

and(y     -6)(6     -a)<x^<(y     +6)(6     +a) 

Other  cases  of  operations  involving  fuzzy  factors  are 
described  in  the  Appendix  D. 

The  method  of  obtaining  the  extents  of  uncertainty,  to  form 
the  kernels  and  fuzzy  factors,  will  now  be  discussed.  For  this, 


85 

the  following  information  was  sought  from  the  experts  (see  Ques- 
tionnaire No.  4,  Appendix  F  )  : 

i.   a.  Factors  used  for  each  type  of  pavement  (asphalt, 
overlay,  CRC  and  JRC)  for  the  conversion  of 
fall  and  summer  deflections  to  spring  deflections, 
b.  Possible  tolerances  of  these  factors  (as  percentages 

of  the  factors  itself)  due  to  all  sources  of  imprecision 
discussed  in  cases  (i),(ii),  and  (iii)  of  the  previous 
section  on  uncertainty  in  correlation  factors. 

ii.  a.  Factors  used  for  each  type  of  pavement  for  the 
conversion  of  deflections  to  those  at  the  edge, 
b.  Possible  tolerances  of  those  factors  (  as  a  percentage 
of  the  factor)  due  to  the  same  sources  of  imprecision 
as  in  (i)b. 

Fuzzy  factors  were  represented  by  n  type  fuzzy  sets  with  the 
mean  values  assigned  to  Y  and  tolerances  on  either  side  of  the 
mean  assigned  to  6  in  equations  (29a)  and  (29b).  The  next  step 
was  to  discretize  these  fuzzy  sets  to  enable  them  to  be  easily 
handled  by  the  computer  program  DEF.  One  application  of  the  use 
of  fuzzy  factors  is  illustrated  in  the  following  example. 

A  design  application 

The  Indiana  Department  of  Highways  uses  the  Asphalt 
Institute's  curves  to  obtain  overlay  design  thicknesses  for 


86 

asphalt  pavements,  using  Dynaflect  readings.  The  Asphalt  Insti- 
tutes curves  are  reproduced  in  Figure  15  where  the  representative 
rebound  deflection  is  to  be  measured  by  the  Benkelraan  Beam  (BB), 
and  the  parameter  DTN  abbreviates  the  design  traffic  number. 

The  relationship  between  the  dynaflect  maximum 
def lection(DMD)  and  the  Benklemen  Beam(BB)  deflection  is  given  by 
(Metwali,  1981)  : 

BB  -  20.  DMD  (77) 

In  current  practice,  variation  in  Dynaflect  reading  is 
recognized  and  the  representative  value  of  the  deflection  is 
selected  as  the  mean  deflection,  5,  plus  two  standard  deviations, 
o.  Assuming  a  normal  distribution  for  6,  this  value  would  encom- 
pass 98%  of  all  possible  values.   On  the  other  hand,  a  fuzzy 
deflection  set  obtained  by  fuzzif ication  techniques  encompasses 
all  possible  deflection  values. 

The  following  example  illustrates  the  potential  use  of 
Asphalt  Institutes  curves  using  fuzzy  sets  techniques.   Assume 
that  the  deflection  reading  obtained  by  a  Dynaflect  at  the  edge 
of  an  asphalt  pavement  is   6=3  mils   during  the  fall  season. 
If  the  discretlzed  kernel  that  accounts  for  the  imprecision  of 
the  reading  due  to  the  irrepeatability  is  : 

K  =  0.8/(y  -  0.1)  +  1.0/y  +  0.8/(y  +  0.1) 

and  if  the  ratio  of  spring  deflection  to  fall  deflection,  for  an 
asphalt  pavement,  is  given  by  the  factor: 
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Figure  15. 


Required  overlay  thickness  as  a  function 
of  deflection  (from  Asphalt  Institute) 
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f  =  0.7/1.4  +  1.0/1.5  +  0.7/1.6 

then,  by  using  the  fuzzif ication  techniques  discussed  previously, 

operating  K  on   6  gives  : 


Ar  „  =  0.8/2.9  +  1.0/3.0  +  0.8/3.1 
rail 


Similarly,  using  the  fuzzy  conversion  factor, f,  the 
corresponding  spring  deflection  (in  mils)  is  obtained  as: 

spring       fall 

=  (0.7/1. A  +  1.0/1.5  +  0.7/1.6X0.8/2.9  +  1.0/3.0  +  0.8/3.1) 

=  0.7/4.1  +  0.7/4.2  +  0.8/4.4  +  1.0/4.5 

+  0.8/4.7  +  0.7/4.8  +  0.7/5.0 

Note  that  these  results  show  how  the  number  of  membership 
values  to  be  stored  increases  significantly  after  each  operation. 

The  corresponding  BB  deflection  from  equation  (77)  would  be 
(in  inches)  : 

Agg  =  0.7/0.08  +  0.7/0.085  +  1.0/0.09  +  0.8/0.095  +  0.7/0.1 
If  the  design  DTN  is  200,  the  fuzzif ied  overlay  thickness  (from 
Figure  15)  can  be  obtained  as  : 

T    =  0.7/0.41  +  0.7/0.46  +  1.0/0.5  +  0.8/0.52  +  0.7/0.53 

It  appears  reasonable  that  the  highest  value  with  a  signifi- 
cant membership  will  be  a  safe  choice.  Thus,  a  thickness  of  0.53 
inches,  could  be  used  in  this  design.  It  should  be  noted  that  all 
possible  deflection  values  were  considered  in  this  method.   On 
the  other  hand,  if  the  conventional  method  is  used  assuming  a 
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standard  deviation  of  0.1  mils,  a  design  thickness  of  0.52  inches 
is  obtained.   It  should  also  be  noted  that  the  latter  approach 
uses  a  deflection  greater  than  the  mean  by  two  standard  devia- 
tions, which  approximately  corresponds  to  the  98   percentile  of 
the  maximum  possible  deflection. 

The  fuz?;y  sets  method  is  also  advantageous  over  the  existing 
method  in  that  it  can  easily  account  for  uncertainties  in  the  DTN 
such  as  a  DTN  of  "about  200". 


Pavement  distress  surveys 

SuitabLllty  of  a  highway  pavement  as  a  transport  facility  is 
defined  by  Its  rideability,  structural  adequacy,  skid-resistance 
and  distress  man If estat ton.   Evaluation  of  a  pavement  involves 
consideration  of  all  these  properties.  In  the  preceeding  sec- 
tions, it  has  been  attempted  to  form  fuzzy  sets  methodologies  to 
overcome  the  system  uncertainty  present  in  the  evaluation  of  the 
first  three  properties.   Fuzzy  sets  mathematics  can  also  aid  in 
the  distress  evaluation  of  a  highway  pavement. 

Distress  is  any  indication  of  poor  or  unfavourable  pavement 
performance  or  signs  of  impending  failure.  All  such  signs  can  be 
grouped  into  three  main  classes  of  distortion,  disintegration  and 
fracture.  Distress  is  depicted  in  different  pavements  in  the  fol- 
lowing forms  : 
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Flexible  pavements: 

a.  Transverse  cracks 

b.  Longitudinal  cracks 

c.  Alligator  cracks 

d.  Block  cracking 

e.  Rutting 

f.  Shoving 

g.  Patching 

h.  Excessive  asphalt 
i.  Pumping  and  water  bleeding 
j.  Corrugations 
k.  Ravelling 
1.  Polished  aggregate 
Rigid  pavements: 

a.  Transverse  cracks 

b.  Longitudinal  cracks 

c.  Patching 

d.  Pumping  and  water  bleeding 

e.  D-cracking 

f.  Crack  spalling 

g.  Faulted  transverse  joints 

h.   Longitudinal   joint   seperation 
i.   Pavement   break-up 

The  evaluation  of  the  distress  condition  of  pavements  is  an 
essential  part  of  the  pavement  evaluation  process  and  the  selec- 
tion of    remedial  measures.      A   literature      survey   (TRB,1981   and 
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Pavement  Management , 1983)  reveals  that  most  states  in  the  USA 
conduct  condition  surveys  on  a  routine  basis,  but  without  any 
objective  measurements. 

Pavement  condit ion  rating 

The  Indiana  Department  of  Highways  is  presently  developing  a 
procedure  for  condition  (or  distress)  surveys  of  pavements.  This 
procedure  will  be  similar  to  the  survey  techniques  used  by  other 
states  such  as  Arkansas,  Florida,  Idaho,  Nevada,  Ohio,  Washing- 
ton, Arizona  and  California.   The  common  practices  of  some  of 
these  states  are  outlined  below. 

Surveys  are  conducted  by  two  crews,  each  with  two  persons, 
usually  from  the  planning  division  of  the  department  of  highways. 
Training  sessions  are  held  periodically   to  instruct  new  survey 
personnel  and  to  refresh  others.  The  crew  drives  to  a  designated 
mile-post,  exits  the  automobile  and  walks  the  length  of  the  sam- 
ple section.  This  length  is  often  selected  as  100  feet  for  flexi- 
ble pavements  and  300  feet  for  rigid  ones.  Different  types  of 
pavement  distresses  are  then  carefully  examined  depending  on  the 
pavement  type. 

In  all  pavement  sections,  each  defect  type  is  rated  accord- 
ing to  its  severity  and  extent.  Distress  survey  instruction 
sheets  are  used  for  this  purpose.  Then,  the  distress  rating  is 
determined  by  deducting  the  ratings  for  for  all  defect  types  from 
an  initial  value  of  100  (TRB,  1983).  This  rating  is  known  as  the 


92 

pavement  condition  rating  (PCR).  Thus,  a  pavement  with  no  defects 
will  obtain  a  maximum  score  of  100.   In  some  states  such  as 
Idaho,  the  routine  distress  evaluation  consists  of  recording  the 
extent  of  cracking  only.  On  the  other  hand,  several  states 
include  distress  measurements  such  as  cracking,  patching  and  rut- 
ting in  the  equations  relating  the  roadmeter  reading  to  the  PSI. 
For  the  State  of  Indiana,  Mohan(1978)  developed  such  correla- 
tions, but  they  are  not  in  use  at  present.   Instead,  the  Indiana 
Department  of  Highways  (IDOH)  is  using  a  simplified  PSR-RR  corre- 
lation which  does  not  include  distress. 

The  Ohio  Department  of  Transportation  designates  certain 
types  of  distress,  depending  on  the  pavement  type,  as  reflecting 
structural  problems  (Pavement  Management,  1983).   Rating  them 
enables  a  total  number  of  "structural  deduct"  points  to  be  calcu- 
lated.  If  a  specified  structural  deduct  number  is  reached, 
depending  on  the  class  of  the  roadway,  a  Dynaflect  test  is 
scheduled  to  measure  the  section's  structural  adequacy. 

Levels  of  importance  are  attached  to  each  class  of  defects. 
These  levels  differ  with  the  type  of  pavement.   Each  distress 
type  is  to  be  rated  on  a  scale  (  e.g.  0-5  )  which  represents  the 
relative  importance  of  that  distress  type.   Such  scales  have  been 
established  based  on  experience  of  highway  engineers  and  on  the 
results  of  the  other  states  experience  (TRB,  1981).  IDOH  has 
prepared  its  own  instructions  for  rating  flexible  and  rigid  pave- 
ments separately.  These  instructions  are  found  in  the  Appendix  E. 
Recently  it  has  been  decided  by  the  IDOH  to  change  the  condition 
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survey  procedure  and  rate  fewer  cracks  in  order  to  make  the  pro- 
cedure more  efficient.  The  proposed  procedure  is  shown  in  Table 
El. 

Subjectivity  in  rating  p rocedure 

Subjectivity  enters  the  rating  procedure  because  the  rating 
is  determined  by  approximate  measurement  or  estimation  of  the 
distress  extent  and  severity  according  to  the  instructions. 
Although  some  states  insist  on  photologging  (TRB,1981),  the  con- 
dition of  the  selected  pavement  is  only  visually  compared  to 
standard  photographs  in  determining  the  rating.  This  procedure 
also  introduces  human  based  uncertainty  into  the  rating  pro- 
cedure. 

In  general,  three  sources  of  uncertainty  can  be  identified 
in  the  distress  rating  procedure  :  (1)   Determination  of  extent 
of  the  defect  to  be  rated  ;  (2)   Determination  of  severity  of  the 
defect  to  be  rated  ;  and  (3)   Variability  of  the  distress  along 
the  section.  Most  of  the  measurements  that  determine  the  extent 
of  a  defect  are  Imprecise.  This  particularly  is  the  case  with 
approximate  ar>a  estimations.   This  Invariably  introduces  impre- 
cision and  vagueness  to  the  estimation  of  the  extent  of  the 
defect.  Moreover,  raters  are  instructed  to  assign  higher  ratings 
to  severe  defects.   Therefore,  a  fuzzy  representation  of  the  dis- 
tress rating  is  appropriate  to  model  the  human  based  uncertainty 
In  the  estimation  of  both  extent  and  severity  of  the  defects,  and 
to  manipulate  the  linguistic  variables.  Two  alternate  methods 
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are  proposed  herein  to  accomplish  this;  fuzzy  PCR  and  damage 
assessment  methods,  respectively. 

Measurements  carried  out   at  designated  mile-posts  on  the 
pavement  sections  determine  the  distress  rating  for  the  entire 
section.  Hence,  variability  of  distress  manifestation  along  a 
pavement  section  introduces  additional  uncertainty  into  the  dis- 
tress rating.  Throughout  this  work,  the  variability  of  a  certain 
pavement  property  along  the  test  section  has  been  Identified  as  a 
random  uncertainty;  accordingly,  It  is  left  to  be  treated  by  sta- 
tistical theories. 

Fuzzy  P CR  concept 

This  is  an  extension  of  the  conventional  pavement  condition 
rating  method.   First,  the  subjective  rating  assigned  for  a  par- 
ticular distress  type  (cracking,  patching  or  rutting  etc.)  on  a 
certain  pavement  section  is  fuzzified.   This  is  done  by  means  of 
two  kernels  representing  the  Imprecision  introduced  by  the  extent 
and  the  severity  of  the  distress.  The  fuzzy  rating  which  can  be 
visualized  as  having  a  support  region  on  either  side  of  the 
assigned  rating,  can  then  be  obtained  from  equations  (70)  and 
(71).   Different  kernels  of  fuzzif ication  can  be  defined  for  dif- 
ferent distress  types  using  expert  knowledge,  and  kernels  associ- 
ated with  extent  and  severity  will  be  different  even  for  the  same 
distress  type.   Questionnaire  No. 5  (Appendix  F)  was  prepared  to 
obtain  the  judgment  of  highway  experts  on  this  fuzzif Ication  tec- 
chnique.  This  questionnaire  was  prepared  in  the  same  manner  as 
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the  questionnaires  discussed  previously,  which  also  sought  the 
possible  extents  of  vagueness.   At  this  stage  the  reader  will 
realize  that  the  best  sets  of  experts  are  the  distress  survey 
crew  members  themselves. 

Finally,  the  fuzztfied  ratings  for  all  distress  types  are 
added  and  the  result  is  substracted  from  an  initial  value  of  100, 
using  fuz/.y  addition  and  substract  ion.  The  extension  principle 
(Chapter  2)  becomes  useful  in  these  operations. 

As  an  example,  let  us  assume  that  a  crew  has  assigned  a  rat- 
ing of  5.0  to  a  certain  flexible  pavement  section,  for  alligator 
cracking,  based  on  the  instruction  sheet  in  the  Appendix  E  : 


8al. crack  =  5'°  <80> 


Further,  assume  that  the  fuzzif icat Ion  kernels  associated  with 
extent  and  severity  of  alligator  cracking  are  given  by 

n  (  x  ,  0.1  )  and  it  (  x  ,  0.2  )  ,  respectively.  Thus,  with  sym- 
metry observed  around  x  (the  kernels  are  discretized  for  conveni- 
ence) : 

Kextent   =  °-125/(x-°-075)  +  0.5/(x-0.05)  (78) 

+  0.875/(x-0.025)   +   1.0/x 
Severity  =   °-05/(x-°-175)  +  0.125/(x-0.15)  (79) 

+  0.28/(x-0.125)  +  0.50/(x-0.1)   +  0.72/(x-0.075) 

■ 
+  0.875/(x-0.05)  +   0.96/(x-0.025)   +   1.0/x 
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After  successive  fuzzlf ication  of  equation  (80)  by  equations  (78) 
and  (79)  : 

6    =  0.007/4.75  +  0.017/4.775  +  0.065/4.8       (81) 
a.c 

+  0.14/4.825  +  0.25/4.85  +  0.44/4.875  +  0.63/4.9 

+  0.77/4.925  +  0.875/4.95  +  0.96/4.975  +  1.0/5.0 

This  fuzzy  rating  can  be  interpreted  as  having  a  support 
range  spreading  from  4.75  to  5.25  (symmetry  with  respect  to  5.0), 
with  the  value  of  5.0  taking  the  highest  membership. 

This  procedure  can  be  repeated  to  obtain  9  for  all  the  dis- 
tress types  (i=l n)  on  the  pavement  section.   Figure  16  shows 

a  plot  of  several  such  fuzzy  sets  on  a  scale  of  0-10.  The  current 
method  of  obtaining  the  PCR  can  now  be  extended  by  using  the 
extension  principle: 

UL   (y)  =    Sup       min  [  y   (x,)]  (82) 

^CR      y=100-&c      i     6i   j 
J 

where    0    <  x.    <   10    or        0    <  x.     <  5   depending   on    the    type    of    dis- 
tress,   and   i   is    the   distress    type,      y   is   any   value   supporting   the 
PCR  of    the   section.    It   follows    that      0    <  y    <  100     and   therefore, 
the  PCR  is   a  fuzzy   set   on   the   scale   of   0-100   (Figure    17). 

This    is   called   the   "fuzzy   PCR"   for    the   pavement   section.   A 
range   of      values    in  a   scale   of   0-100   support   the  PCR  of    the  sec- 
tion.  This    range  and   the   associated   membership   values   depict   the 
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uncertainty  associated  with  the  judgement  of  the  rating  crew  In 
assigning  a  single  number  to  represent  the  distress  condition  of 
the  section. 

Damage  assessment  method 

Distress  manifestation  can  also  be  viewed  in  the  context  of 
damage  assessment.   Ishizuka  et.al.(1981)  proposed  a  method  of 
applying  expert  knowledge  in  assessing  damage  in  existing  struc- 
tures. A  similar  method  is  developed  here  to  apply  expert 
knowledge  in  pavement  distress  surveys.   This  new  methodology 
essentially  deviates  from  the  existing  distress  surveys  but  has 
the  potential  of  meeting  the  needs  for  subjective  evaluation,  as 
required  by  such  a  survey. 

In  this  method  the  crew  members  an;  considered  as  damage 
assessment  inspectors  and  the  various  forms  of  distress  are 
analogous  to  the  damage  in  various  components  of  a  structure.  As 
a  first  step,  a  linguistic  damage  scale  (Figure   18)  is  defined. 
The  different  damage  grades  are  identified  by  the  linguistic 
variables  "slight",  "moderate"  etc.   The  raters  can  then  be  asked 
for  their  belief  that  each  distress  type  on  a  given  section 
belongs  to  each  damage  grade.  If  these  beliefs  are  expressed  in  a 
scale  of  0.0-1.0,  they  can  be  treated  as  memberships  of  each  dis- 
tress type  on  the  corresponding  fuzzy  damage  grade.   Subjective 
judgement  aided  by  measurements,  careful  examination  and  experi- 
ence will  determine  these  membership  values. 
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Once  the  whole  pavement  section  has  been  examined,  fuzzy 
sets  representing  each  defect  are  automatically  obtained  on  the 
damage  scale  (Figure  19).   As  an  example,  suppose  that  the  rating 
crew  assigned  the  following  memberships,  on  inspecting  cracks  and 
patches  on  a  flexible  pavement  section  : 

cracks  patches 


Slight  distress 

0.2 

0.0 

Moderate  distress 

0.6 

0.5 

Severe  distress 

0.2 

0.6 

This  evaluation  results  in  the  following  fuzzy  set: 

6    .  .     0.2/S1  +  0.6/M  +  0.2/Se 
cracking 

6  0.5/M  +  0.6/Se 

patches 

where  S1,M  and  Se  stand  for  the  linguisic  damage  grades,  slight, 
moderate,  and  severe. 

As  the  global  damage  of  a  structure  is  the  "sum"  of  damages 
to  the  individual  components,  the  overall  distress  rating  of  a 
pavement  section  Is  the  "sum"  of  the  the  Individual  distress  rat- 
ings.  Following  this  Idea,  fuzzy  sets  for  each  distress  types 
can  only  be  aggregated  using  either  the  union  operator,  or  alge- 
braic summation  or  fuzzy  addition.   The  fuzzy  addition,  used  in 
the  fuzzy  PCR  method,  cannot  be  performed  on  a  linguistic  damage 
scale.  It  is  proposed  that  the  union  operation  be  performed  in 
preference  to  algebraic  summation  in  order  to  incorporate  rela- 
tive weights  of  each  distress  type  (w  ),  using  : 
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£L  =  U  w   9  (83) 

1 


where 


Z  w   =  1  (84) 

1 

The  same  method  and  similar  equations  were  previously  used  for 
the  aggregation  of  subgroup  opinions  (equations  (32))  in  the  PSR 
formulation. 

The  simplest  method  to  obtain  these  weights  is  to  normalize 
the  maximum  values  of  the  corresponding  scales.   If  cracking  and 
patching  are  rated  on  scales  of  0-5  and  0-10  respectively,  It  can 
be  assumed  that  5:10  is  a  reasonable  representation  of  the  rela- 
tive importance  of  the  two  distress  types.  These  scales  (Appen- 
dix E),  have  been  designed  using  highway  engineers'  experience 
and  therefore  would  certainly  be  reasonable  representations  of 
the  relative  Importance. 

For  the  cases  of  cracks  and  patches,  the  following  weights 
are  obtained  :  (equation  84)  : 

w    .    =  0.33 
cracks 

w         0.67 
patches 

Then,  the  overall  damage  due  to  cracking  and  patching  is  given  by 
(equation  (83)): 


0T  =  0.17/S1  +  0.83/M  +  1.0/Se 
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Figure  20  shows  component  and  resultant  fuzzy  sets.  Note  that  the 
previous  component  fuzzy  sets  are  normalized  before  the  aggrega- 
tion. 

In  the  Fuzzy  PCR  method,  no  weights  need  to  be  attached  to 
fuzzy  ratings  for  different  distresses,  as  the  scales  which  dep- 
ict the  relative  importance  of  each  distress  type  are  cumula- 
tively added  in  the  fuzzy  addition.   In  other  words,  since  dif- 
ferent scales  are  used  for  different  distress,  the  relative 
importance  of  each  type  is  automatically  included  in  fuzzy  addi- 
tion through  these  different  scales.  On  the  other  hand,  if  the 
second  method  is  used  it  is  not  neccessary  to  seek  the  opinion  of 
experts  on  the  rating  subjectivity.   This  is  already  manifested 
In  the  linguistic  damage  scales.  A  disadvantage  of  the  latter 
method  Is  that,  In  Its  present  linguistic  form,  it  cannot  fit 
into  the  proposed  global  pavement  evaluation  model. 

Expert  knowledge 

The  need  for  expert  knowledge  and  experts  opinion  has  been 
mentioned  consistently  In  the  development  of  the  proposed  metho- 
dology. An  attempt  to  form  a  rationale  for  selecting  a  panel  of 
experts  and  extracting  expert  knowledge  is  made  here. 

A  literature  survey  reveals  that  very  little  has  been  done 
in  the  fu/^y  sets  arena  towards  developing  a  method  of  selecting 
experts.  Work  Involving  selection  of  experts  Is  published  in  the 
area  of  decision  making  using  subjective  probability  assessments. 
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Figure  20.   Crack,  patch  and  resultant  ratings 
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These  techniques  seem  to  be  appropriate  for  the  present  work, 
since  many  similarities  exist  between  membership  functions  and 
subjective  probability  assessments,  despite  their  difference  in 
concept. 

In  some  cases,  historical  data  records  provide  an  alterna- 
tive to  the  response  of  experts.  Variations  of  the  roadmeter 
reading  with  gas  tank  level  and  of  the  friction  number  with 
climatic  conditions  fall  into  this  category.   However,  questions 
pertaining  to  the  perceptiveness  of  raters,  extents  of  variation 
associated  with  the  ratings  and  the  like  are  best  answered  by 
knowledgeable  technical  personnel  working  extensively  in  the  par- 
ticular areas. 

To  avoid  any  personnel  bias,  mistakes  or  lack  of  knowledge 
of  a  given  individual,  each  component  of  the  knowledge  base  must 
be  produced  by  a  team  of  experts.  This  property  is  known  as 
group  ellcitation  (Hogarth,  1975). 

Because  of  the  versatile  aspects  of  the  knowledge  base,  its 
establishment  would  require  several  teams  of  experts,  each  of 
which  excels  in  one  aspect.   Each  team  is  assigned  a  "module" 
within  the  framework  of  its  expertise.   In  the  present  case,  dif- 
ferent modules  must  be  set  up  for  different  speciality  areas  such 
as  rideabillty,  friction,  etc.  This  is  the  modularity  property  of 
a  panel  (Hogarth,  1975). 

Two  important  things  must  be  remembered  when  building  a 
knowledge  base  using  experts.  First,  the  human  mtnd  Is  not  very 
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efficient  In  aggregating  the  significance  of  a  number  of  features 
simultaneously.  Thus,  complex  problems  must  be  subdivided  into 
simpler  questions  which  are  easy  to  be  answered.  This  is  known  as 
the  problem  reduction  method.   For  example,  when  dealing  with 
Roadmeter  variability,  variations  due  to  gas  tank  level,  driver 
characteristics  and  climate  were  considered  case  by  case  in  the 
questionnaires  (No.  2)  with  only  one  factor  varied  at  a  time. 
Also,  simple  numerical  examples  were  provided  in  the  question- 
naires wherever  possible.   Second,  it  is  very  likely  that  a  high 
quality  knowledge  base  will  not  emerge  after  the  first  round  of 
sessions  with  experts.  Therefore,  the  possibility  of  update  or 
"tune-up"  has  to  be  provided.   In  view  of  this,  the  computer  pro- 
grams ROAD,  DEF,  and  SKID  are  treating  data  to  be  obtained  from 
experts  as  input  parameters. 

These  pre-requisites  for  selection  of  experts  indicate  that 
the  Delphi  techniques  (Dalkey,  1969)  can  be  suitable  to  achieve 
the  desired  expert  knowledge.   The  Delphi  method  was  originally 
developed  by  the  Rand  corperation  In  the  early  1950s  for  the  Air 
Force  and  was  Intended  to  improve  the  validity  of  decisions 
reached  by  group  consensus.  Selection  of  the  panel  of  experts  is 
one  of  the  most  Important  areas  in  Delphi  design.  Here,  an  expert 
is  defined  as  a  person  with  a  high  degree  of  knowledge  in  the 
particular  area,  which  may  be  attained  through  original  research, 
field  experience  or  other  means.   In  view  of  this  common  area  of 
interest,  it  is  suggested  that  the  guidelines  for  expert  panel 
selection  in  the  Delphi  method  be  used  in  the  selection  of 
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experts  for  applicat Lous  of  fuzzy  sets. 

One  basic  hindrance  to  any  expert  selection  procedure  1s 
that  if  the  panel  Is  too  diverse  it  may  be  necessary  to  place 
experts  into  subgroups  and  weight  the  response  of  each  subgroup 
according  to  its  expertise  on  the  question  concerned.  This  can  be 
overcome  in  two  ways.   Practical  applications  of  Delphi  tech- 
niques are  cited  (Corotis  et  al,1981),  where  only  engineers  who 
were  held  in  high  esteem  by  their  peers  were  selected  In  order  to 
obtain  the  most  valuable  opinions  and  thus  avoid  having  to  weight 
the  responses.   It  Is  also  possible  to  first  conduct  a  policy 
Delphi  to  establish  a  common  base  of  knowledge  and  consistent 
definitions  to  be  used  subsequently.   This  step  would  certainly 
reduce  disparities  In  expertise  within  the  panel. 

In  forming  the  expert  panel  for  the  purpose  of  pavement 
evaluation,  highway  engineers  from  the  Indiana  Department  of 
Highways  and  the  Federal  Highway  Administration  were  consulted 
through  arranged  meetings  at  Purdue  university.  Each  of  the  par- 
ticipating engineers  were  asked  to  nominate  a  number  of  engineers 
for  each  module  such  as  rideability,  friction  etc.  corresponding 
to  each  area  concerned.   Prototype  questionnaires  distributed  at 
the  meetings  aided  them  in  this  venture.   The  next  step  involved 
selecting  the  engineers  whose  names  have  been  proposed  by  many  of 
their  peers  and  persuading  their  participation  In  the  panel 
through  telephone  conversation. 

One  important  feature  of  a  normal  Delphi  technique  is  the 

continuous  feed-back  of  responses  until  convergence  to  a  group 
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consensus  Is  achieved.   However  in  applying  fuzzy  sets  techniques 
It  is  the  expert  opinion  that  is  sought  rather  than  a  group  con- 
sensus. Thus  it  was  decided  not  to  enter  the  feed-back  stage 
unless  responses  of  the  individual  experts  are  far  too  diverse. 

One  major  problem  encountered  in  expert  selection  was  the 
unavailability  of  an  adequate  number  of  highway  engineers  in 
Indiana,  respected  by  their  peers  as  knowledgeable  in  each  area 
dealt  in  this  research.  In  contrast  to  expectations  of  about  20 
experts  in  each  module,  the  maximum  number  of  responses  obtained 
for  each  questionnaire  ranged  from  5  to  15. 
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CHAPTER  5  :  DECISION  MAKING  :  PRIORITY  ASSIGNMENT 

Decision  sequence 

The  pavement  management  system  (PMS)  requires  collection  of 
different  types  of  data.  The  two  main  types  are  performance  data 
and  traffic  data.  Performance  of  a  pavement  section  is  determined 
by  four  properties  :  rideability,  skid-resistance,  structural 
adequacy  and  distress  manifestation.  Traffic  data,  which  express 
the  traffic  concentration  upon  a  pavement,  are  usually  obtained 
from  traffic  surveys.  In  addition,  data  concerning  pavement 
geometry  and  hazard  locations  are  also  included  in  the  PMS. 
Presently,  in  Indiana,  as  in  many  other  states,  some  or  all  of 
the  pavement  data  are  collected  at  the  highway  network,  level.   In 
this  chapter  it  is  shown  how  these  pavement  data  can  be  utilized 
in  conjunction  with  traffic  data  to  assign  maintenance  priorities 
for  all  pavements. 

Budgetary,  time,  and  labor  restrictions  preclude  making  all 
four  performance  measurements  at  every  pavement  section.  However, 
all  sections  are  first  scanned  with  the  roadmeter  and  the  meas- 
ured roughness  is  converted  to  the  PSI  scale.   The  PSI  is  then 
compared  with  the  acceptable  serviceability  rating  to  determine 
the  next  course  of  action.  Dynaflect  testing  and  distress  surveys 
are  performed  on  the  unacceptably  rough  pavements  while  the 
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remaining  pavements  are  subjected  to  skid-tests.  Measured  fric- 
tion numbers  are  also  compared  with  acceptable  friction  levels 
for  maintenance  purposes.  It  will  be  shown  that  acceptable  servi- 
ceability and  friction  do  not  have  precise  values  on  their 
respective  scales.  The  proposed  technique  can  make  allowance  for 
this  imprecision. 

As  pointed  out  in  earlier  sections,  the  presence  of  human 
based  and  system  uncertainties  in  the  performance  data  suggests  a 
more  meaningful  representation  of  these  data  by  using  fuzzy  sets. 
As  a  first  stage  of  decision  making,  procedures  are  described  in 
this  chapter  to  enable  the  screening  of  sections  by  comparison  of 
fuzzy  pavement  data  with  fuzzy  acceptability  levels.  Traffic 
data,  on  the  other  hand,  also  inherit  uncertainty.  Since  this 
uncertainty  is  mainly  random  in  nature,  it  is  reasonable  to 
represent  traffic  data  using  a  crisp  Average  Daily  Traffic  count 
(ADT). 

The  next  task  is  to  combine  all  the  types  of  data  and  create 
maintenance  priorities.   At  this  decision  stage,  the  subjective 
judgments  of  the  decision  makers  come  into  play,  even  more  so 
when  the  number  of  performance  data  is  large.  The  theory  of  fuzzy 
setsx  can  assemble  the  subjective  opinions  of  the  decision  makers. 
Starting  from  responses  to  simple  queries,  use  is  made  of  this 
theory  to  build  an  expert  knowledge  base  with  regard  to  assign- 
ment of  priorities.  Fuzzy  sets  techniques  can  then  be  utilized  to 
determine  the  relative  maintenance  priority  of  each  pavement  sec- 
tion by  the  interaction  of  fuzzy  or  random  performance  data  with 
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the  expert  knowledge  base  containing  priority  utilities. 

Acceptable  serviceability  index 

The  serviceability  level  above  which  a  pavement  will  ade- 
quately serve  the  users  depends  on  whether  it  is  a  primary  or  a 
secondary  facility.  For  a  given  type  of  facility,  this  level 
depends  on  individual  judgment,  since  different  people  view  pave- 
ment needs  differently.  This  was  clearly  shown  in  the  responses 
to  the  questionnaire  No.  2  (Appendix  F),  where  a  selected  panel 
of  highway  engineers  was  asked  to  indicate  acceptable  servicea- 
bility indices  (ASI)  for  the  two  types  of  facilities.  Many 
experts  preferred  to  indicate  a  small  interval  for  the  ASI,  being 
unable  to  decide  on  a  unique  value.  Combination  of  these  values 
produces  a  range  of  ASI  with  varying  degrees  of  beliefs,  making 
it  an  ill-defined  quantity.   Thus,  if  each  of  these  ASI  values 
are  plotted  against  the  number  of  experts  favoring  that  ASI,  a 
figure  similar  to  Figure  21  is  obtained.  An  acceptable  servicea- 
bility range  was  found  to  be  more  useful  than  the  ASI,  for  rea- 
sons to  be  described.  Such  a  range  will  include  all  the  PSI 
values  which  are  acceptable. 

A  method  resembling  "exemplification"  (Zadeh,  1972)  can  be 
used  to  form  the  memberships  of  the  acceptable  serviceability 
range.  Due  to  different  opinions,  the  number  of  experts  that  con- 
siders a  given  PSI  value  as  acceptable,  differs  from  value  to 
value.  This  provides  a  convenient  way  of  forming  the  desired 
membership  function.  The  strength  of  belief  of  any  value  x  being 
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an  acceptable  PSI  value  is  proportional  to  the  number  of  expert 
responses  considering  x  to  be  in  the  acceptable  range  (Figure 
22).   Therefore,  the  membership  of  x  is  proportional  to  the 
number  of  responses  favoring  x.   For  each  expert,  the  acceptable 
range  is  considered  as  the  range  of  PSI  values  above  the  indi- 
cated ASI.  Responses  indicating  a  range  of  ASI  can  be  handled  in 
the  following  manner.  If  such  a  range  covers  an  n  number  of 
discrete  ratings,  it  can  be  considered  as  n  different  responses 
each  indicating  a  single  value.  These  "multiple  responses"  can 
then  be  aggregated  with  the  others  in  the  usual  way.  Since  this 
has  the  effect  of  attaching  a  weight  n  to  the  considered 
response,  a  factor  1/n  is  attached  to  all  its  corresponding 
membership  values  to  compensate  for  the  weighting  effect. 

Acceptable  friction  number 

When  a  pavement  section  is  subjected  to  a  continuous  traffic 
load,  wearing  takes  place,  resulting  in  a  decrease  in  the  skid- 
resistance.  This  would  continue  over  the  years  until  the  pavement 
becomes  no  longer  safe  for  traffic  passage.   The  acceptable  fric- 
tion number  is  defined  as  the  value  of  friction  above  which  the 
pavement  does  not  present  any  skid  hazard.   It  is  common  to 
define  an  unacceptable  friction  number  as  well.  This  is  the  value 
of  friction  number  below  which  immediate  rehabilitation  action  is 
needed  to  improve  the  skid  properties  of  a  pavement. 

Opinions  of  highway  engineers  were  sought  about  acceptable 
friction  levels  by  means  of  questionnaire  No.  3  (Appendix  F). 
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These  responses  not  only  indicated  the  variability  of  opinions, 
but  also  showed  some  vagueness  surrounding  the  individual  opin- 
ions, since  many  preferred  to  Indicate  a  range.   Acceptable  skid 
levels  are  also  subjective  due  to  the  differences  in  judging  the 
terminal  service  stage  of  a  pavement.  As  in  the  case  of  servi- 
ceability levels,  they  can  best  be  represented  by  fuzzy  sets. 
Similarly,  an  acceptable  friction  range  (Figure  23)  was  formed 
using  questionnaire  responses,  in  a  manner  similar  to  forming  the 
fuzzy  acceptable  serviceability  range. 

In  the  next  section  it  will  be  shown  that  an  unacceptable 
friction  number  range  and  an  unacceptable  serviceability  range 
also  play  important  roles  in  the  screening  of  pavement  sections. 
With  this  in  mind,  the  opinions  of  the  highway  experts  were 
sought  on  the  unacceptable  levels  as  well.  These  responses  were 
converted  to  unacceptable  ranges  in  the  same  manner  as  above 
(Figure  24). 

Screening  of  pavements 

It  was  mentioned  earlier  that  pavements  are  first  scanned 
for  roughness  by  using  the  Roadmeter.   Then,  the  fuzzy  PSI  of 
each  pavement  section  is  compared  with  the  fuzzy  acceptable  ser- 
viceability range  (ASR).   Extensive  research  has  been  done  on 
decision  making  using  fuzzy  sets,  and  several  methods  have  been 
proposed  for  the  comparison  of  two  fuzzy  quantities.   One  simple 
method  is  the  use  of  the  "implication"  operator  (Watson  et. 
al,1979).   Let  X  and  Y  be  two  fuzzy  propositions  defined  in  the 
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space  Z  by  the  following  expressions  : 


X  -  U  u  (z)/z  (85a) 

z 


and  Y  -  U  \i   (z)/z  (85b) 

z  ^ 

Then  the  truth  value  of  X  +  Y  (X  implies  Y)  is  given  by  : 

U(X  +  Y)  -  min  max  [1-u^z),  ^(z)]  (86) 

z 

If  X  and  Y  are  replaced  by  the  PSI  and  acceptable  servicea- 
bility range  (ASR)  respectively,  then  the  result  of  equation 
(86),  u(PSl  +  acceptable  range),  is  the  truth  value  of  the  impli- 
cation that  PSI  of  a  particular  pavement  section  is  acceptable. 
It  is  a  number  in  the  interval  [0,1]  and  provides  an  index 
describing  the  degree  of  belongingness  of  the  particular  pavement 
section  to  the  acceptable  range.  In  the  two  preceding  sections  it 
was  mentioned  that  an  acceptable  range  is  found  more  useful  than 
an  acceptable  rating.  This  is  because  equation  (86)  can  only  pro- 
vide a  physically  meaningful  result  if  Y  is  replaced  by  ASR,  and 
not  by  ASI. 

To  demonstrate  the  usefulness  of  the  above  operation  the 
following  example  is  considered.   Let  the  PSI  of  a  pavement  sec- 
tion be  given  by  (Figure  25)  : 

PSI  -  0.2/2.7  +  0.75/2.8  +•  1.0/2.9  +  0.67/3.0  +  0.26/3.1 
and  let  the  acceptable  range  be  expressed  by  (solid  line  in  Fig- 
ure 25)  : 
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ASR  -  0.2/2.5  +  0.4/2.6  +  0.6/2.7  +  0.8/2.8 

»  +  1.0/2.9  +  1.0/3.0  +  1.0/3.1  

The  truth  value  of  the  proposition  "the  given  PSI  implies  accep- 
tability" is  expressed  by: 

p  (PSI  >  ASR)  =  min  max  [l-Upg^z),  HASR(z)] 
z 

-  0.8 
This  index  can  be  conveniently  used  to  rank  order  pavements 
according  to  their  PSI.   Sometimes  there  may  be  cases  where  the 
indices  would  be  equal  for  a  number  of  pavements.   For  such 
cases,  a  second  method  of  ranking  can  be  adopted  using  the  unac- 
ceptable range.  This  results  in  a  second  index  for  each  pavement 
section,  which  describes  the  degree  of  belonging  of  the  section 
to  the  unacceptable  serviceability  range  (NASR)  as  : 

u(PSl  +  NASR)  =  min  max  [l-v^z),  U^rU)  ) 

z 

The  second  index  is  independent  of  the  first,  since  the  accept- 
able range  and  the  unacceptable  range  are  not  complements  of  each 
other.  There  is  a  range  of  PSI  overlap  where  a  direct  decision  of 
acceptability  is  difficult  to  be  made. 

Another  notable  advantage  of  having  two  indices  is  that  they 
can  be  used  to  screen  pavements  with  acceptable  roughness  from 
others.  If  y(PSl  ♦  acceptable)  and  p(PSl  +  unacceptable)  are 
denoted  by  p  and  u^  respectively,  a  criterion  for  screening  is 
provided  by  : 

^      yA  ^  ^        pavement  acceptable  (87a) 
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If   p  <  u,        pavement  unacceptable  (87b) 

Physically,  the  above  criterion  means  that  if  the  degree  of 
belonging  of  a  given  PSI  in  the  acceptable  range  is  greater  than 
its  degree  of  belonging  in  the  unacceptable  range,  then  the 
corresponding  pavement  is  acceptable  from  the  standpoint  of  ser- 
viceability. 

It  is  obvious  that  the  same  techniques  are  applicable  when 
comparing  friction  numbers  with  acceptable  or  unacceptable  fric- 
tion levels. 

Classification  of  pavement  sections 

After  comparison  with  the  corresponding  acceptable  levels, 
the  PSI  and  the  friction  number  of  each  section  are  instrumental 
in  forming  three  categories  of  pavements  as  shown  in  Figure  26. 
The  first  category  contains  pavements  which  present  traffic 
hazards  due  to  inadequate  skid-resistance,  while  pavements  with 
unacceptable  roughness  constitute  the  second  category.  The  third 
category  consists  of  pavement  sections  with  acceptable  roughness 
as  well  as  acceptable  skid  properties. 

In  routine  maintenance,  immediate  attention  is  given  to  the 
first  category  to  correct  dangerous  skid  resistance  problems. 
The  worst  performing  sections  which  fall  in  to  the  second 
category  are  ranked  for  current  maintenance,  considering  a  fixed 
budget.  Meanwhile,  the  pavement  sections  which  satisfy  both 
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Figure  26.   Primary  categorization  of  pavements 
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roughness  and  skid  criteria  at  present  are  ranked  for  future 
rehabilitation.   In  order  to  identify  the  parameters  relevant  to 
ranking  of  the  sections  in  each  of  the  three  categories,  it  is 
worthwhile  to  review  the  experience  of  several  highway  depart- 
ments.  Complete  pavement  management  systems  including  effective 
schemes  for  maintenance  prioritization  of  pavement  sections,  are 
in  operation  in  several  states.   In  Arizona  and  Arkansas,  pave- 
ments are  ranked  based  on  roughness,  distress  rating,  friction 
number,  dynaflect  measurements,  and  traffic  count  (ADT).  Experi- 
ence and  judgment  have  been  combined  to  formulate  equations  for  a 
priority  score.  The  state  of  Florida  bases  priorities  on  roadme- 
ter  reading,  distress  rating,  ADT,  as  well  as  length  of  the  pave- 
ment section  and  project  cost.  In  Utah  and  Idaho,  priorities  are 
based  on  an  index,  FI,  defined  as  (TRB,  1981)  : 

FI  =  0.47  [F      (PSI)1*5  +  F2  (SI)1*5  +  F3  (DI)1,5]    (88) 

where  SI  and  DI  are  structural  and  distress  indices  respectively, 
and  F.  ,  F„  ,and  F_  are  weighting  functions  of  ADT. 

In  the  state  of  Washington,  a  number  of  priority  rankings 
are  assigned  to  all  pavement  sections  that  need  rehabilitation, 
based  on  the  following  data. 

1.  Distress  condition 

2.  Bridge  condition 

3.  Hazardous  accident  locations 

4.  Volume-capacity  ratio  deficiencies 

5.  Geometric  deficiencies 
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Nevada's  pavement  management  system  uses  serviceability  and 
condition  data  to  place  pavements  into  four  broad  repair  classes: 
do  nothing  ;  maintenance  ;  overlay  ;  and  reconstruction.  Prior- 
ity rankings  in  each  class  are  formed  using  PCR,  ADT,  maintenance 
cost,  skid,  and  accident  data,  after  weighting  each  of  these  fac- 
tors according  to  their  relative  merit. 

Finally,  the  Ohio  Department  of  Transportation  ranks  pave- 
ments in  three  separate  groups  called  PCRGRP,  MUC,  and  ADT.  The 
PCRGRP  ranking,  based  on  PCR,  is  considered  as  the  first  sort. 
MUC  ranking  provides  a  second  sort  based  on  PCR,  PSI,  and  fric- 
tion number,  while  ADT  ranking  is  used  only  as  a  third  sort. 

The  Indiana  Department  of  Highways  is  currently  developing 
an  effective  prioritization  scheme  for  the  second  category  of 
pavements  (Figure  26).  Rankings  are  assigned  based  on  PSI  and 
ADT.  Further,  it  is  also  being  considered  to  include  PCR  as  a 
ranking  parameter.  For  this  new  scheme  to  be  implemented, 
development  of  an  effective  procedure  for  condition  survey  is 
vital. 

Attributes  for  immediate  maintenance 

Taking  into  account  the  experience  of  many  states,  the  fol- 
lowing attributes  are  suggested  for  setting  up  priorities  for 
pavements  in  groups  1  and  2  (Figure  26).   The  results  of  condi- 
tion surveys,  i.e.  PCR  ,  are  of  prime  importance  in  creating 
priorities  for  the  worst  performing  sections  (group  2),  since  a 
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distress  survey  considers  the  very  factors  that  are  relevant  to 
their  rehabilitation.  On  the  other  hand,  for  pavement  sections  in 
group  1,  skid  resistance  appears  to  be  an  obvious  attribute  for 
creating  priorities.  In  addition,  traffic  data,  represented  by 
ADT,  should  play  a  significant  role  for  both  groups. 

It  was  stated  that  priorities  for  immediate  maintenance  are 
probably  created  under  a  fixed  budget.  Hence,  when  assigning 
priorities,  the  decision  makers  may  prefer  to  complete  the  max- 
imum number  of  "jobs"  when  working  under  budget  constraints.  An 
approximate  estimate  of  cost  would  be  adequate  to  include  cost  in 
the  prioritization  scheme.   It  is  possible  to  obtain  such  an 
estimate  from  maintenance  experts,  given  the  relevant  performance 
data.  For  this  purpose,  skid  data  for  the  first  category,  and 
condition  and  dynaflect  data  for  the  second  category,  would  be 
sufficient.   It  should  be  noted  that  PSI  is  involved  in  the 
scheme  only  as  a  means  for  determining  to  which  category  the  sec- 
tion belongs.   The  foregoing  discussion  on  the  priority  model  is 
mathematically  summarized  in  what  follows. 

First  category 

For  pavements  which  do  not  meet  acceptable  skid  criteria  : 


priorities  =  f   (  FN,  ADT,  appr .relative  cost  ) 

relative  cost        =  g   (  friction  number  ) 

=>   priorities       =  F   (  f,  a)  (89) 
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Second  category 

For  pavements  which  do  not  meet  acceptable  roughness  criteria  : 

priorities         -  f-  (  PCR,  ADT,  appr.  relative  cost  ) 

relative  cost      "  go  (  PCR  ,  deflection  data  ) 

=>>  priorities      -  F.  (  p   a,  6  )  (90) 

Equations  (89)  and  (90)  show  that  the  assignment  of  priori- 
ties by  decision  makers,  results  basically  from  subjective  con- 
sideration of  the  relative  magnitudes  of  relevant  performance  and 
traffic  data. 

Attributes  for  future  maintenance 

Pavement  sections  in  group  3  will  deteriorate  with  time, 
with  respect  to  rideability  and  skid-resistance,  and  eventually 
reach  a  terminal  (unacceptable)  serviceability  or  friction  level. 
Therefore,  it  is  appropriate  to  consider  these  sections  for 
future  rehabilitation.  The  times  to  reach  these  limits  are  known 
as  serviceability  life  and  friction  life,  respectively.  These  two 
service  lives  can  be  used  for  creating  priorities  for  future 
rehabilitation. 

In  what  follows,  two  deterministic  procedures  that  are 
presently  used  to  predict  service  lives  in  Indiana  are  first 
reviewed.  Later  in  the  discussion  it  will  be  shown  how  these  two 
basic  procedures  can  be  extended  to  obtain  service  lives  of  pave- 
ment sections  characterized  by  fuzzy  performance  values. 
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Determination  of  PSI  life 

The  most  common  method  used  by  transportation  engineers  to 
determine  the  PSI  life  of  a  pavement  is  the  AASHO  (1972)  method. 

Deterioration  of  the  serviceability  of  a  pavement  section 
with  time  depends  on  many  factors.   Traffic  load  applied  on  the 
pavement,  structural  geometry  of  the  pavement,  and  present  servi- 
ceability are  the  dominant  factors.  Of  these,  traffic  load  is  the 
most  complicated,  as  normal  highway  traffic  is  a  random  combina- 
tion of  vehicles  with  different  axle  loads  and  numbers  of  axles. 
The  procedure  used  in  the  AASHO  Design  Guide  (1972)  is  to  convert 
the  varying  axle  loads  to  a  common  denominator  and  express 
traffic  as  the  sum  of  the  converted  axle  loads.  The  common  denom- 
inator is  an  18  kip  single  axle  load.  Traffic  load  is  thus 
expressed  as  an  equivalent  18  kip  single  axle  load  (ESAL). 

The  structural  geometry  of  the  pavement  is  expressed  in 
terms  of  a  structural  number  (SN).  The  following  equation  relates 
the  thickness  of  each  layer  to  the  structural  number  : 


SN  =  ax  D}  +  a2  D2  +  a3  D3  (91) 

t-  h 

where  D   is  the  thickness  of  the  i    layer  (surface,  base,  or 
subbase),  and  a   is  a  layer  coefficient,  which  is  a  measure  of 
the  relative  ability  of  the  i    layer  material  to  function  as  a 
structural  component  of  the  pavement.   Typical  values  of  the 
coefficients   a.   used  in  AASHO  Road  Test  pavements  are  found  in 
Table  7. 
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Table  7.  Typical  values  of  layer  coefficients 
Asphalt  concrete  surface  course       0.44 
Crushed  stone  base  course  0. 14 

Sandy  gravel  base  course  0.11 
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In  developing  its  empirical  procedure,  the  AASHO  Interim 
Guide  (1972)  assumes  the  initial  PSI  of  any  pavement  section  to 
be  4.2.  Then  the  general  AASHO  Road  Test  equation  for  flexible 
pavements  is  : 


4.2  -  p 
log  4<2  _  1 J  =  3  (  log  Wt   -  log  p  )  (92) 

18 


1094 
For  18  kip.  ESAL,   3=  0.40  +  r—  (93) 

(SN  +  1)  *  ^ 


and,   log  p  =  9.36  log  (SN  +  1  )  -  0.20  (94) 

where  W    is  the  accumulated  ESAL  up  to  time  t,  p   is  the  PSI 
18 

value  at  time  t,  and  SN  is  the  structural  number  of  the  pavement. 

Similar  equations  are  available  for  rigid  pavements  as  well 

(AASHO  Interim  Guide,  1972).  A  method  to  calculate  the  projected 

ESAL  (  W    )  is  discussed  in  Yoder  and  Witczak  (1975).   Knowing 
18 

the  percentage  of  trucks  on  the  road  and  the  factor  that  converts 

truck-load  to  18  kip  single  axle  load,  i.e  the  ESAL  per  truck, 

they  recommmend  the  following  equations  to  obtain  W     : 

C18 

ESALq  =  ADT  x  Percent  trucks  x  ESAL  per  truck  (95) 

t  T 

W    =  /  ESAL   (  1+  i  )   dT  (96) 

C18   0     U 

where   ESAL   is  the  initial  equivalent  axle  load  applications 
per  day  and  i  is  the  annual  traffic  growth.   The  percentage  of 
trucks  is  obtained  from  either  traffic  counts  or  available  past 
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data.   W     represents  traffic  in  all  lanes  (in  a  multi-lane 
C18 

facility)  and  in  both  directions.  Most  states  use  a  directional 
distribution  factor  of  0.5  and  a  lane  distribution  factor  of 
0.8-1.0.  Knowing  the  structural  number  of  a  pavement  and  the 
ESAL,  equations  (91)-(94)  can  be  used  to  determine  the  PSI  value 
at  time  t. 

As  an  example,  data  obtained  for  a  section  of  a  state  road 
in  Indiana  was  used  to  predict  the  change  of  PSI  with  time.  The 
structural  geometry  of  this  section  is  indicated  in  Figure  27.  If 
the  traffic  count  is  1200  vehicles  per  day  (both  directions), 
using  equation  (91)  and  a.   values  from  Table  7,  the  value  of  SN 
is  equal  to  3.0  and  from  equations  (93)  and  (94),  0  and  log  p  are 
obtained  as  1.22  and  5.44,  respectively. 

The  following  assumptions  are  usually  made  regarding  the 
percentage  of  trucks  and  the  ESAL  per  truck: 

Percent,  of  trucks   :  20-30%  on  interstates  and  8-12%  on  others 

ESAL  per  truck       :  0.6-0.7  on  interstates  and  0.45  on  others 

By  using  10%,  0.45,  and  4%  for  percent  trucks,  ESAL  per 
truck  and  the  annual  growth  rate,  respectively,  the  initial  axle 
load  is  : 


ESALQ  =54.0 

Equation  (96)  can  now  be  solved  to  obtain  the  values  of 

W     (Table  8).  Finally,  equation  (92)  is  used  to  compute  the 
18 
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Figure  27.   Structural  components  of  a 
sample  pavement  section 


Table  8.  Variation  of  PSI  with  time 
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t  (yrs.) 

Wt- 
C18 

PSI 

1 

20104.2 

4.089 

2 

20892.6 

3.940 

3 

21681.0 

3.760 

4 

22469.4 

3.560 

5 

23257.8 

3.330 

6 

24046.2 

3.100 
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PSI  values  at  different  times,  which  are  plotted  in  Figure  28. 
This  curve  could  be  used  to  predict  the  PSI  life  of  the  pavement 
sections.   Actually,  additional  uncertainties  are  involved  in  the 
procedure  based  on  equations  (92)  to  (94)  such  as  that  surround- 
ing traffic  counts.  Moreover,  uncertainty  is  also  introduced 
through  the  assumptions.  In  spite  of  these,  a  one  to  one  perfor- 
mance -  time  relationship  is  assumed  in  this  work,  for  simplicity. 

Determination  of  friction  life 

The  problem  of  deterioration  of  skid-resistance  of  a  pave- 
ment section  with  time  is  less  complicated  than  that  of  reduction 
in  serviceability.   Cumulative  traffic  (ADT)  is  the  only  factor 
that  influences  the  former  phenomenon. 

Research  conducted  by  the  Research  and  Training  Center  of 
the  Indiana  Department  of  Highways  has  produced  the  following 
general  equation  (IDOH  report,  1982),  which  expresses  variation 
of  skid-properties  of  any  kind  of  pavement  with  traffic  and  sea- 
sonal variations  : 

fn  =  e  +  g  xl  +  a,  spi  +  33  sui  (97) 


where,       XL  =  log    (  I  ADT  )  (98) 

0 

SPI  =  spring  factor 
SUI  =  summer  factor 

SPI  will  take  the  value  of  1  if  measurements  are  made  in  spring 
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Figure  28.   PSI  vs  time  curve  for  the 
sample  section 


IJi 


and   0   otherwise.      Similarly,    SUI  will   take   the   value   of    1    if 
measurements   are   made   in  summer  and   0   otherwise. 

Friction   life   of   a  pavement    is   determined  by   the  non- 
recoverable   reduction  in  skid-resistance,    and  hence,    seasonal 
variations   of    the  friction  number  will  not    be   considered  here. 
When  the  non-recoverable   reduction  in  skid-resistance   is    con- 
sidered, 

e2  =  e3  =  0.0 

Therefore,  equation  (97)  is  modified  to  : 

FN  =  3  +  R  XL  (99) 

Typical  values  of   3   and   6.   for  any  kind  of  pavement 
were  obtained  from  statistical  correlations  (IDOH  report  ,1982). 

As  an  example,  the  FN  vs.  time  relationship  was  obtained  for 
the  asphaltic  section  shown  in  Figure  27,  with  (L.  and  3,  equal 
to  152.5  and  -16.512,  respectively  (IDOH  report,  1982).  Assuming 
a  4%  growth  rate,  equation  (99)  yields  the  FN  vs.  time  curve 
shown  in  Figure  29.  This  type  of  curves  enable  the  prediction  of 
future  skid  properties  of  any  pavement  section. 

It  is  worthwhile  to  comment  on  equation  (97)  in  the  light  of 
the  applications  of  fuzzy  sets  techniques  to  the  pavement  manage- 
ment system.   Seasonal  variations  of  the  friction  number  are 
incorporated  as  imprecision  introduced  in  the  friction  measure- 
ments due  to  changes  in  temperature  and  rainfall  (see  Chapter  3). 
Thus,  the  factors   3_  and  fL  were  assumed  to  be  zero  in  deriving 
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Figure  29.  Friction  number  vs  time  curve  for 
the  sample  section. 
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equation  (99)  to  make  it  compatible  with  the  proposed  method.   At 
the  present  stage,  a  method  which  predicts  the  irrecoverable 
decrease  in  skid-resistance  with  time  would  suffice.  It  is  in 
this  respect  that  equation  (99),  without  the  seasonal  variation 
factors,  basically  meets  the  present  need.  Later,  it  will  be 
shown  how  fuzzy  sets  methods  could  be  extended  to  the  prediction 
of  service  lives  of  pavements,  using  the  basic  equations  for  ser- 
viceability (equations  (92)-(94))  and  skid-resistance  (equation 
(99)). 

Prediction  of  service  lives 

Terminal  performance  levels  such  as  acceptable  serviceabil- 
ity index  (ASI)  and  acceptable  friction  number  are  vaguely 
defined.  Therefore,  these  levels  are  represented  by  fuzzy 
numbers.   Some  degree  of  vagueness  also  appears  in  the  pavement 
serviceability  index  (PSI)  due  to  panel  members'  subjective  opin- 
ions as  well  as  the  uncertainty  in  RR.  In  view  of  this,  the  con- 
cept of  fuzzy  PSI  has  been  inroduced  in  place  of  the  conventional 
PSI.   Further,  the  Skid-tester  measurements  are  influenced  by 
climatic  conditions  as  well  as  changes  in  vehicle  speed.  It  was 
shown  in  Chapter  4  that  this  problem  can  be  overcome  by 
representing  the  friction  number  by  a  fuzzy  number  with  a  suit- 
able tolerance  interval. 

According  to  the  previous  definition,  the  time  to  reach  the 
terminal  performance  level  is  the  service  life  of  a  pavement  with 
respect  to  a  particular  pavement  property.   Since  the  performance 
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levels  and  the  acceptable  and  unacceptable  levels  are  vague  and 
are  represented  by  fuzzy  sets,  it  follows  that  the  service  lives 
will  also  be  fuzzy  quantities.   The  method  of  extracting  the 
fuzzy  service  lives  for  serviceability  or  skid-resistance,  from 
performance  vs.  time  curves  (Figures  28  and  29),  will  now  be 
illustrated. 

Let  us  assume  that  the  present  value  of  any  pavement  pro- 
perty is  represented  by  the  following  fuzzy  set  : 

P  -  U  Up   (  P1  )  /  Pi  (100) 

where  p.   is  any  value  of  the  pavement  property. 

Since  the  relation  between  P  and  time,  t,  for  a  particular 
section  is  assumed  to  be  a  one  to  one  relationship  (see  the  sec- 
tion on  prediction  of  PSI  life),  the  coresponding  time  can  be 
found  as   : 

Tp  "  °  »V  <  Pi  >  /  ci  <101> 

where  t.   is  the  time  corresponding  to  p   (Figure  30). 

Similarly,  if  the  unacceptable  performance  level  is  denoted 
by  : 

U  =  U  »  (  p   )  /  p  (102) 

j  U    J      J 

the  time  at  which  the  pavement  becomes  unacceptable  can  be 
obtained  as  : 


Tu  "  °  Mu  <  Pj  >  '  'j  <103) 
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Figure  30.   A  typical  performance  vs  time  curve 
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where  t.  is  the  time  corresponding  to  p,  (Figure  30). 

By  definition,  the  service  life  (T)  is  expressed  by  the  ab- 
straction operation  : 


T  -  T  -  T  (104) 

u    p 


and   T  =  U  Uj  (  ^  )  /  tk 
k 

with  (from  extension  principle)  : 


Up  (t^  )  =   Sup    min  [  Up  (  Pi  )  ,  ^  (  Pj  )]    (105) 


For  example,  let  the  current  PSI  of  a  certain  flexible  pave- 
ment section  belonging  to  group  3  be  given  by  the  following  fuzzy 
set  : 

P  =  0.8/4.1  +  1.0/4.0  +  0.8/3.9  +  0.6/3.8 

and  the  unacceptable  limit  be  : 

U  -  1.0/3.2  +  0.8/3.3  +  0.6/3.4 

Then,  Figure  28  gives  : 


T  =  0.8/1.0  +  1.0/1.6  +  0.8/2.2  +  0.6/2.6 
and 


Tu  -  1.0/5.5  +  0.8/5.2  +  0.6/4.9 

From  equation  (105)  : 

T  =  0.8/4.5  +  0.8/4.2  +  1.0/3.9  +  0.8/3.6  +  0.8/3.3 
+  0.8/3.0  +  0.6/2.9  +  0.6/2.7  +  0.6/2.6  +  0.6/2.3 
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This  is  the  fuzzy  PSI  life  for  the  particular  section  which 
can  be  used  as  one  attribute  value  in  establishing  the  priority 
for  this  section.   By  programming  equation  (105),  the  service 
lives  of  any  pavement  section  (with  respect  to  PSI  and  friction), 
can  be  computed  as  fuzzy  sets.  The  computer  program  LIFE  is  used 
for  this  computation.  Performance  (P)  vs.  time  (t)  relationship 
is  used  as  an  input  to  this  program. 

Friction  and  PSI  lives  are  two  relevant  attributes  for 
creating  priorities  for  pavements  in  group  3.  The  ADT  count 
appears  to  be  another  attribute,  but  due  to  the  inclusion  of  ADT 
in  the  development  of  PSI  vs.  time  and  friction  number  vs.  time 
curves,  it  will  not  be  an  independent  attribute.   Any  influence 
due  to  the  changes  in  ADT  are  taken  into  account  indirectly  by 
service  lives  which  are  functions  of  ADT.  Thus,  it  is  appropriate 
to  consider  only  two  attributes  for  group  3,  the  two  types  of 
service  lives.  This  can  be  conveniently  expressed  in  a  mathemat- 
ical form  similar  to  equations  (88)  and  (89)  : 

priorities  =  F3(Tpsl  ,  TpN)  (106) 

Equations  (88),  (89)  and  (106)  show  the  relevant  attributes 
for  groups  1,  2  and  3,  respectively.  These  equations  also  show 
that,  in  formulating  a  decision  model  for  creating  priorities,  a 
common  scheme  can  be  adopted  for  all  three  pavement  categories 
despite  the  different  attributes  involved.  Therefore,  the  model- 
ling discussed  in  the  following,  entails  a  general  set  of  attri- 
butes. 
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Fuzzy  decision  making  techniques 

The  state  of  any  pavement  can  be  represented  by  n  attributes 
A.   (i*l,n)  with  respect  to  maintenance  needs,  which  represent 
performance  or  traffic  data.  Thus,  a  generalized  form  of  equa- 
tions (88)  ,(89)  and  (106)  will  be  : 

priorities  =  F  (  A  )  (107) 

As  discussed  in  the  previous  chapters,  pavement  performance  data 
inherit  human  and  system  uncertainties,  making  the  fuzzy 
representation  a  convenient  and  realistic  approach.  Then,  the 
performance  attributes  in  equation  (107)  can  be  defined  by  the 
following  fuzzy  set  : 


A  -  U  M.  (  a   )  /a  (108) 

l    j  l    J     i 

where  a  represents  any  value  on  the  scale  of  A  .  Similar 
expressions  can  be  written  for  all  m  pavement  sections  of  the 
particular  category.  Therefore,  the  priority  of  any  k   section 
(k=l,m)  can  be  written  in  the  following  form  : 


with 


Rpk  -  F  (  Alk  )  (109) 


Aik  "  J  Vik  (  3j  >  /3j  <110> 


where  A.,   denotes  the  performance  of  the  k    section  with 
respect  to  the   i    attribute. 
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The  maintenance  urgency  of  this  section  with  respect  to  the 
others  can  be  visualized  as  a  priority  utility  u  on  a  standard 
scale.  Then,  the  decision  making  problem  reduces  to  one  of  maxim- 
ization of  u,   for  k  "    1,  m. 
k 

It  is  possible  to  express  a  set  of  n  attribute  values  by  the 

n-tuple  <a,  , ,a   >,  where  a,   and  a   are  the  p   and  q 

Y  lp'      '  nq  '        lp      nq 

values  of  the  first  and  the  n   attributes,  respectively.   An 
expert  knowledge  base  which  uniquely  defines  a  utility  value  for 
each  n-tuple  can  be  constructed  from  the  responses  of  the  experts 
to  a  number  of  questions  such  as  :  "If  the  PCR  is  70.0  and  the 
dynaflect  reading  is  0.001  inches  for  an  unacceptably  rough  pave- 
ment with  an  ADT  of  3000,  what  relative  priority  value  would  you 
assign  on  a  scale  of  1-10  ?".  An  expert  can  assign  such  a  subjec- 
tive value  based  on  heuristic  rules  that  have  come  through  years 
of  pavement  management  experience.  Thus,  for  instance,  her  or  his 
opinion  could  be  that  for  an  unacceptably  rough  pavement  with  a 
high  PCR,  relatively  low  deflection,  and  low  traffic,  the  mainte- 
nance priority  is  low  and  she  or  he  might  assign  a  utility  value 
of  3.0  in  a  utility  scale  of  1  to  10.   Questionnaires  have  been 
prepared  (Nos.  6  and  7  in  the  Appendix  F)  to  obtain  these  utili- 
ties for  all  three  pavement  groups. 

Such  a  procedure  would  be  more  realistic  if  it  would  involve 
a  number  of  experts'  subjective  opinions.  Consequent  to  this,  the 
expert  knowledge  base  will  contain  a  set  of  fuzzy  utility  values 
associated  with  each  n-tuple.   Mathematical  techniques  involved 
in  building  the  expert  knowledge  base  for  priority  utilities  will 
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be  discussed  in  more  detail  later  in  the  chapter. 

The  next  step  involves  formation  of  memberships  of  the  n- 
tuples.   If  a.   is  any  general  element  in  the  fuzzy  attribute  set 

A   ,  then  <a,  »ana^  *s  an^  general  element  in  the  fuzzy  set 

A   X  A   X  X  A   where  "X"  indicates  the  cartesian  pro- 
duct. This  follows  from  the  development  of  cartesian  product 
operation  in  Chapter  2  (equations  (13)  to  (17))  : 


\  =  AlkXA2kX  Ank  (111) 


then,  Ak  =   U    Ujk/<alp .a^   >  (112) 


where        yjk   =  min    [^(a^), \Janq»  <113> 

It    is    recognized   that    \i.  ,    the  membership   value   of    the   j        n- 

tuple   <a      , ,a     >   for   section  k,    represents    the   link 

lp  nq  »   r 

between  the  k   section  and  the  j   n-tuple. 


The  fuzzy  utility,  u   ,  associated  with  each  n-tuple 

<  a   a   >  can  be  obtained  from  the  expert  knowledge 

base  mentioned  above.   If  this  is  denoted  by  : 

Uj  =  U  u^A^  (114) 

the  link  between  the  j   n-tuple  and  the  priority  value  u,  is 
given  by  u.  . .  Hence  the  link  between  the  k   section  and  u  is 
determined  by  u.   and  u  .   This  is  analogous  to  the  overall 
strength  of  a  chain,  which  is  the  lowest  of  the  strengths  of  the 
individual  links.   Therefore,  equations  (112)  and  (114)  can  be 
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combined  using  the  "min"  operator  to  find  the  relative  priority 

<•  i    ,  th 
of  the  k    section  as  : 


U  H.AU  |L  ./u.  (115) 


V  =  J  "jkA  J  V"l 


Thus,  the  relative  priority  of  each  section  is  a  fuzzy  set 
taking  values  in  the  interval  1-10.   This  scale  is  used  for  con- 
venience, as  it  is  presently  used  in  Indiana  for  assigning  non- 
fuzzy  priorities. 

Once  relative  priorities  of  all  sections  have  been  obtained 
from  equation  (115),  they  must  be  ranked.  A  method  of  ranking 
fuzzy  utilities  will  be  introduced  in  the  course  of  illustrating 
a  numerical  example.  The  purpose  of  the  example  is  to  let  the 
reader  go  through  the  steps  involved  in  the  proposed  ranking 
method.   Let  us  consider  three  pavement  sections  belonging  to  the 
second  category  with  properties  shown  in  Table  9. 

By  inspection,  it  is  obvious  that  the  priority  order  for 
maintenance  of  these  sections  is  simply  1,  2,  and  3.  The  example 
is  intentionally  kept  simple  so  that  the  same  priority  order  can 
be  obtained  using  the  fuzzy  model,  with  minimum  computations. 
The  procedure  can  be  applied  to  actual,  more  complex  cases  by 
using  the  computer  programs  developed  to  perform  the  different 
operations. 

In  the  case  of  section  1,  the  cartesian  product  of  the  dif- 
ferent attributes  (equation  (113)),  results  in  the  following 
fuzzy  set. 
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0.6/<10000,19.,9.9>  +  0.8/<10000,19.,10.0>  +  0.6/<10000,19. ,10.1> 
+  0.6/<10000,20.,9.9>  +  1 .0/<10000,20. ,10. 0>  +  0.6/<10000,20. , 10. 1> 
+  0.6/<10000,21.,9.9>  +  0.8/<10000,21.,10.0>  +  0.6/<10000,21. ,10.1> 

The  expert  knowledge  base  will  contain  crisp  or  fuzzy  util- 
ity values  for  each  of  the  above  3-tuples.  Shown  in  Table  10  are 
an  extracts  from  such  an  expert  system.  For  instance,  as  a  spe- 
cial case  of  equation  (114),  the  utility  corresponding  to  the  3- 
tuple  <  10000,  19.0,  9.9  >  is  : 

U  =  1.0/9.6  +  0.8/9.5 

Next,  all  such  utilities  can  be  combined  with  the  member- 
ships of  the  corresponding  3-tuples  using  equations  (115),  to 
obtain  the  fuzzy  priority  for  the  first  section  as  : 


R  =  0.6^(1.0/9.6  +  0.8/9.5)  +  0.8^(1.0/9.7  +  0.8/9.6) 
Pi 


+  0.6^(1.0/9.8  +  0.8/9.7)  +  1.0"(0.9/9.6  +  0.7/9.5) 
+  0.6^(0.9/9.5  +  0.7/9.4)  +  0.6^(0.9/9.7  +  0.7/9.6) 
+  0.6^(0.8/9.4  +  0.6/9.3)  +  0.8"(0.8/9.5  +  0.6/9.4) 
+  0.6^(0.8/9.6  +  0.6/9.5) 


R  =  0.6/9.3  +  0.6/9.4  +  0.8/9.5  +  0.9/9.6  +  0.8/9.7  +  0.6/9.8 
pi 

The  relative  priority  rankings  for  sections  2  and  3  also  can  be 
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obtained  as  below  in  a  similar  fashion  : 


R  =  0.6/6.3  +  0.6/6.4  +  0.8/6.5  +  0.9/6.6  +  0.8/6.7  +  0.6/6.8 
P2 

R  =  0.6/3.3  +  0.6/3.4  +  0.8/3.5  +  0.9/3.6  +  0.8/3.7  +  0.6/3.8 
P3 


Ordering  of  priorities 

The  fuzzy  priority  for  any  section  k  (equation  115)  can  be 
expressed  in  a  more  general  form  (Figure  31)  as  : 


V  =  ]  Hc<V/uj  (116) 

where  u.  represents  any  value  on  the  utility  scale. 

The  fuzzy  form  of  R  .  cannot  be  used  directly  to  order 

pk  ' 

priorities  for  pavement  sections.  From  the  above  equation  it  is 
impossible  to  select  a  single  u  as  the  priority,  since  different 
degrees  of  uncertainty  (u  (u  ))  are  associated  with  each  u  .  Jain 
(1976)  suggested  a  procedure  to  overcome  this  difficulty. 


In  extending  Jain's  work  (1976)  to  the  present  case,  first, 
a  maximizing  set  for  the  section  k  is  defined  as  (Figure  31)  : 


\nk  =  U.    Hc(uj)/Uj  (U7) 


where    ^(u.)  =  Uj/u^  (118) 


and   Umax  =  ?UP  (V  <119> 

j,k   J 


u 
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Figure  31.   Ordering  of  fuzzy  priorities 
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The  value  u    is  the  maximum  priority  in  the  support  domain 
max  r  j 

of  all  sections.  The  membership  of  u.   in  R  ,   (equation  116) 

J       P^ 

originates  from  the  uncertain  nature  of  performance  data  and  the 
subjectivity  involved  in  decision  making.  On  the  other  hand,  the 
membership  of  u.   in  R  .   (equation   117)  represents  the  rela- 
tive magnitude  of  each  u.  with  respect  to  the  highest  priority 
value  in  the  support  domain  of  all  sections.  Therefore,  the  com- 
bination of  R  ,   and  R  ,   yields  a  fuzzy  set  whose  membership 
depends  on  both  priority  and  uncertainty.   The  resulting  fuzzy 
set  is  known  as  the  optimizing  fuzzy  set  for  section  k,  and  since 
it  assumes  credibility  in  both  sets  of  information,  the  intersec- 
tion operation  is  used  for  the  aggregation  of  R  ,  and  R  .  (Figure 
3D  : 


R=R,n  R  (120) 

ok    mk     pk 


U  \   (ui)A  He  (ui>/ui  <121) 

j      J        J    J 


=  U  ^  (uj)/uj  (122) 

Following  the  ranking  technique  proposed  by  Jain  (1976),  the 
relative  rank  of  the  k   section  is  defined  by  : 


rk  =  Sup  ^  (u  )  (123) 

By  applying  equations  (117)  to  (119)  to  the  previous  exam- 
ple, the  following  maximizing  sets  are  obtained  : 
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R  =  0.93/9.3  +  0.94/9.4  +  0.95/9.5  +  0.96/9.6 
ml 


+  0.97/9.7  +  0.98/9.8 


R  »-  0.63/6.3  +  0.64/6.4  +  0.65/6.5  +  0.66/6.6 
ml 

+   0.67/6.7  +  0.68/6.8 


R  ,-  0.33/3.3  +  0.34/3.4  +  0.35/3.5  +  0.36/3.6 
+  0.37/3.7  +  0.38/3.8 

And,  according  to  equations  (120)  to  (122)  : 


R  =  0.6/9.3  +  0.6/9.4  +  0.8/9.5  +  0.9/9.6 
ol 

+  0.8/9.7  +  0.6/9.8 


Rq2«  0.6/6.3  +  0.6/6.4  +  0.65/6.5  +  0.66/6.6 
+  0.67/6.7  +  0.6/6.8 


R  .,=  0.33/3.3  +  0.34/3.4  +  0.35/3.5  +  0.36/3.6 
o3 

+  0.37/3.7  +  0.38/3.8 

Finally,  the  relative  ranks  are  given  by  the  respective  highest 
membership  values  :  0.9,  0.67,  and  0.38.   Consequently,  as 
expected,  the  priority  order  for  maintenance  will  be  1,2,  and  3. 

One  can  foresee  a  situation  where  the  highest  memberships  of 
the  optimizing  sets  would  be  the  same  for  many  sections.   Such  a 
situation  can  be  handled  by  modifying  equations  (117)  to  (119), 
in  defining  a  minimizing  set.  If  1  denotes  such  a  section  where 
the  maximizing  criterion  fails  : 


R(min)l  '   J  ^<V/U;i 


(124) 
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where    u1(uj)  =  u^/Uj  (125) 


and     u  ,   =  Inf  (uj  (126) 

j,l   ^ 


Then,  on  repeating  the  procedure  indicated  by  equations 
(120)  to  (122),  a  second  set  of  rankings  can  be  obtained  for 
these  sections.  This  provides  a  second  criterion  to  rank  the 
sections  for  which  the  first  criterion  is  insufficient  to  make  a 
differentiation. 

An  alternative  and  more  interactive  method  for  the  combina- 
tion of  R  ,  and  R  .   exists  where  the  algebraic  product  replaces 
pk      mk 

the  intersection  operation  (see  Connectives,  Chapter  2).  When 
this  is  performed  on  the  numerical  example  considered  here,  dif- 
ferent relative  rankings  are  obtained  as  :  0.86,  0.59,  and  0.32. 
The  priorities  retain  the  1,2,  and  3  order.   However,  the  min-max 
operations  which  are  consistent  with  fuzzy  logic  are  used  in  this 
work. 

Expert  knowledge  base  for  maintenance  priority 

The  key  to  the  decision  making  techniques  introduced  previ- 
ously is  the  expert  knowledge  base  obtained  in  terms  of  mainte- 
nance priorities.   This  base  should  contain  a  crisp  or  a  fuzzy 
utility  (relative  priority)  value  for  each  possible  combination 
(tuple)  of  attribute  values.  Mathematically,  if  a    is  any 
value  of  the  i    attribute  A.  ,  each  n-tuple 

<  a    a   >  will  define  a  priority  utility  u  in  the 

lp,  nq 
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expert  knowledge  base  for  decision  making. 

Different  experts  may  have  different  priorities  for  rehabil- 
itation of  deficient  pavement  sections.  Moreover,  even  an  indivi- 
dual expert  may  have  an  uncertainty  about  the  utility  that  he 
allocates.   Hence,  in  general,  the  utility  will  be  a  fuzzy 
number.  Two  ways  of  obtaining  utility  values  using  expert 
knowledge,  are  now  discussed. 

Interval  (direct)  method 

As  there  can  be  a  large  number  of  n-tuples  of  the  form 

<  a,  ,...., a   >   covering  the  domains  of  all  attribute  values, 
1  p       nq 

it  is  practically  impossible  to  obtain  utility  values  for  each  of 
them  from  the  experts.  The  interval  method  is  an  approximate,  but 
simple,  method  of  achieving  this  in  practice.  As  a  first  step,  it 
involves  separating  the  domain  of  each  attribute  into  a  number  of 
working  intervals.  These  intervals  are  determined  in  such  a  way 
that  the  maintenance  urgency  does  not  vary  substantially  within 
them.  Experience  of  various  highway  departments  will  be  helpful 
here.  For  example,  the  Indiana  Department  of  Highways  is 
presently  using  ADT  ranges  of  0-1000,  1000-3000,  3000-6000, 
6000-10000,  and  greater  than  10000,  in  its  ranking  procedure. 
Similar  intervals  can  be  suggested  for  PCR,  deflection,  and  fric- 
tion number. 

The  higher  the  impact  of  a  certain  attribute  on  maintenance 
urgency,  the  smaller  should  be  the  size  of  such  an  interval  for 
that  attribute.  Further,  if  the  intervals  are  made  sufficiently 
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small,  the  number  of  pavement  sections  falling  in  the  same  inter- 
val for  all  three  attributes  can  be  minimized.   These  two  res- 
trictions can  also  be  helpful  in  defining  appropriate  intervals. 

For  example,  if  pavements  of  group  2  are  considered,  the  PCR 
of  any  section  will  be  low,  since  these  pavements  are  the  worst 
performing.  Therefore,  a  PCR  working  range  of  0-75  can  be  esta- 
blished for  this  category.   If  five  intervals  of  PCR  (0-15,  16- 
30,  31-45,  46-60,  61-75),  and  two  intervals  for  the  deflection 
(0-1.0  mils,  >1.0  mils)  are  selected,  50  (5X5X2)  values  of  utili- 
ties are  sufficient  to  apply  the  interval  method.  Although  the 
method  is  analytically  simple,  providing  50  or  more  utilities  can 
be  cumbersome  for  highway  personnel.  This  is  an  obvious  drawback 
of  this  method. 

Each  utility  assigned  by  experts  will  have  some  fuzziness 
surrounding  it.   This  can  be  overcome  by  instructing  them  to  pro- 
vide a  utility  range  for  a  particular  tuple  interval;  this  will 
be  more  realistic  than  a  crisp  number.  A  method  to  convert  such 
intervals  assigned  by  each  expert  into  fuzzy  sets  has  been  dis- 
cussed in  the  section  on  the  acceptable  serviceability. 

Interpolation  (indirect)  method 

Although  this  method  stems  from  the  interval  method,  it  is  a 
more  accurate  method  of  building  the  expert  system.   Judgments  of 
experts  are  sought  at  a  minimum  number  of  attribute  value  combi- 
nations, covering  a  wide  range.  Then,  a  point  by  point  polynomial 
interpolation  is  performed  to  obtain  fuzzy  utilities  at  any 
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combination  (n-tuple)  of  attribute  values.  Although  analytically 
more  complex,  this  certainly  provides  less  burden  for  the 
experts,  while  producing  a  unique  fuzzy  utility  for  each  dif- 
ferent n-tuple  of  attribute  values. 

The  underlying  concept  is  that  a  utility  assigned  by  an 
expert  should  vary  continuously  with  respect  to  each  attribute. 
This  is  likely  since  experts  are  not  expected  to  assign  utilities 
in  a  haphazard  manner.   A  specific  interpolation  technique  to  be 
applied  to  the  second  category  of  pavements  is  outlined  first. 
The  reader  will  realize  that  it  can  readily  be  extended  to  the 
first  and  third  categories  as  well. 

Consider  the  attributes  of  the  second  category  of  pavements 
given  by  equation  (89).   For  constant  PCR  and  deflection,  the 
utility  will  increase  monotonically  with  ADT,  as  pavements  with 
higher  traffic  volumes  need  quicker  consideration.   This  continu- 
ous function  can  be  mathematically  approximated  by  a  polynomial  : 

i 
u  =  I     a   (ADT)    +  X  (127) 

i=l 

where   A^  =  fl  (  PCR  ,  deflection  )  and  n  is  the  degree  of  the 

polynomial. 

Similarly,  the  utility  will  monotonically  increase  with 
increasing  deflection  and  decrease  with  increasing  PCR.  Conse- 
quent to  this  argument,  equations  (128)  and  (129)  can  also  be 
deduced  for  utilities  : 
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n  i 

(128) 


u   -      £     b,    (   def.    )        +    \ 
i=*l     1 


where      X     =  f2   (   ADT    ,   PCR   ) 


u "  ,*,  ci  (pk'1  +  *3  (125) 

i=l 
where  X =  f3  (  def.  ,  ADT  ) 

Then,  a  general  equation  that  accomodates  equations  (127), 
(128)  and  (129)  will  be  : 


n         i  i  -i 

u  =  I     a.  (ADT)  +  b   (def.)  +  c   (PCR)        (130) 

i=0  1 
This  can  be  rewritten  in  a  more  concise  form  as  : 

u  =  AiT  .  a±  (131) 

T  i      i     -i 

where  A  is  the  3n+l  row  vector  [ADT  ,  def.  ,  PCR  ]  ,  and  a^^ 

is  the  1  X  3n+l  column  vector  [a   ,  b.  ,  c.]  . 


Equation  (131)  can  be  repeatedly  applied  for  3n+l  known 
utilities  for  given  attribute  values  to  obtain  : 

u*  =  [A*]  .  a±  (132) 

where  u   is  the  known  3n+l  X  1  utility  vector  containing  the 

utilities  assigned  by  an  expert  for  the  corresponding  attribute 

* 
values  contained  in  the  3n+l  X  3n+l  matrix  [A  ] . 

On  inverting  equation  (132)  : 
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*  -1    * 
ai  =  [A  ]    .  u  (133) 

and  substituting  in  equation  (131)  : 
T      *  -1     * 

u  -  A   .  [A  ]    .  u  (134) 

Equation  (134)  can  be  rewritten  as  : 

u  =  AiT  .  [B*]  (135) 

where    [B  ]  =  [A*]"1  .  u*  (136) 

By  storing  the  matrix   [B  ]   for  each  expert,  it  is  possible 
to  find  each  expert's  concept  of  utility  corresponding  to  any 
given  3-tuple.  The  individual  utilities  assigned  by  each  expert 
for  the  same  attribute  3-tuple,  can  be  combined  in  a  manner 
resembling  the  formation  of  acceptable  performance  levels  (see 
the  section  on  the  acceptable  serviceability  index).  This  results 
in  a  fuzzy  utility  (different  beliefs  in  different  values)  for 
the  particular  attribute  tuple. 

However,  from  the  point  of  view  of  uncertainty  inherent  in 
experts'  opinion  of  utilities,  it  is  more  appropriate  to  ask  for 
a  utility  interval  for  a  certain  3-tuple,  rather  than  a  crisp 
utility.  Equation  (134)  can  then  be  modified  to  : 

T     *  -1     * 
<5u  =  A    .  [A  ]    .  <5u  (137) 

* 
where  6u  contains  the  utility  intervals  assigned  by  each  expert 

* 
to  the  3n+l  known  3-tuples  in  [A  ] .   The  easiest  way  to  derive 

T   *  -1 
equation  (137)  is  to  consider  the  product  A  . [A  ]    in  equation 

** 

(134)  as  a  vector  A   .  Assigning  utility  intervals  for  a  given 

set  of  attribute  values,  produces  a  utility  interval  for  the 
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desired  set  of  attribute  values,  which  can  be  obtained  by  dif- 


** 


ferentiating  equation  (134).   Because  the  elements  of  A   depend 

only  on  the  attribute  values,  the  differentiation  does  not  affect 

** 

A   ,  thus  resulting  in  equation  (137).  This  modified  equation 

can  be  programmed  in  a  form  similar  to  equations  (135)  and  (136), 
to  store  the  expert  system  in  a  matrix  [  6B  ]  similar  to  [B  ]  : 

[SB*]  =  [A*]-1.<5u*  (138) 

6u  =  A*.[fiB*]  (139) 

Using  equations  (138)  and  (139),  a  utility  interval  reflect- 
ing the  judgment  of  each  expert  can  be  calculated  for  any  desired 
3-tuple.   Intervals  assigned  by  all  experts  for  a  particular  3- 
tuple  can  then  be  gathered  to  obtain  a  fuzzy  utility.   The  number 
of  experts  supporting  a  particular  utility  value  for  a  given 
attribute  3-tuple  is  proportional  to  the  membership  of  utility  in 
the  fuzzy  utility  corresponding  to  that  attribute  3-tuple.  This 
is  similar  to  the  formation  of  acceptable  serviceability  and 
friction  levels. 

A  computer  program  DM  (Appendix  H)  has  been  prepared  to  exe- 
cute the  procedure  for  creating  priorities.  The  above  interpola- 
tion technique  is  used  in  the  subroutine  INTERPOL,  which  feeds 
the  main  program  with  the  required  utility  values. 

It  should  be  mentioned  that  this  is  only  one  alternative  out 
of  many  possible  interpolations  and  that  even  the  basic  utility 
equation  (  equation  (130))  can  be  expressed  in  a  variety  of  ways. 
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Expert  opinion  of  pavement  priorities  enters  the  picture  in 
obtaining  equation  (132).  Therefore,  the  questionnaire  must  seek, 
their  opinions  on  3n+l  combinations  of  (ADT.PCR.def lection) . 
Since  only  two  attributes  are  relevant  to  groups  1  and  3,  the 
questionnaires  corresponding  to  those  groups  must  seek  the  opin- 
ions of  experts  on  2n+l  combinations  of  (friction  number,  ADT) 
and  (friction  life,  PSI  life  ),  respectively.  This  gives  the 
freedom  to  select  the  number  of  utilities  to  be  obtained  from  the 
highway  personnel,  by  controlling  the  degree  of  the  polynomial, n, 
in  equation  (130)  (accuracy  of  interpolation).  It  is  interesting 
to  note  that  the  accuracy  of  interpolation  (n), 

1.  has  an  upper  bound  defined  by  the  number  of  utilities  that 
the  experts  are  expected  to  assign  with  the  least  effort, 

2.  has  a  lower  bound  defined  by  the  number  of  utilities 
required  to  cover  broad  working  ranges  of  attribute  values. 

On  deciding  that  the  interpolation  method  is  practically 
more  viable,  questionnaires  were  prepared  (Nos.  6  and  7)  to  seek 
the  opinion  of  highway  decision  makers  on  the  utilities 
corresponding  to  15  to  25  attribute  value  combinations  (n-tuples) 
for  each  group.  These  are  found  in  the  Appendix  F.  This  minim- 
izes their  inconvenience.   The  corresponding  n  values  would  be 
from  6  to  8  thereby  introducing  polynomials  of  order  between  6 
and  8  for  each  group  ;  This  produces  an  accurate  interpolation. 

It  was  described  how  a  primary  classification  of  pavements 

according  to  maintenance  needs  can  be  done  by  comparing  the  PSI 
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and  the  friction  number  with  acceptable  serviceability  and  fric- 
tion levels.  Then,  attributes  relevant  to  the  prioritization  of 
each  category  according  to  maintenance  urgency  was  identified. 
Finally,  a  decision  making  model  was  set  up  for  for  creating 
maintenance  priorities,  using  these  attribute  values  and  an 
expert  knowledge  base  for  priority  utilities. 
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CHAPTER  6   :  A  NUMERICAL  EXAMPLE 

In  this  chapter,  a  complete  problem  is  solved  using  the 
pavement  evaluation  and  management  techniques  proposed  in  the 
earlier  chapters.  The  numerical  examples  are  kept  simple  so  that 
the  reader  can  check  the  operations  by  hand  and  become  familiar 
with  the  technique. 

Let  us  assume  that  three  asphalt  pavement  sections  1,2  and  3 
are  to  be  ranked  for  maintenance.  Measured  performance  and 
traffic  data  for  the  sections  are  shown  in  Table  11. 

The  first  step  of  the  evaluation  is  to  establish  the  mainte- 
nance category  to  which  each  section  belongs  by  determining  each 
section's  PSI  value.   The  PSI-Roadmeter  reading  relationship  was 
obtained  from  an  ideal  set  of  ratings,  using  a  rating  panel 
divided  into  only  two  groups,  engineers  and  others.  Each  group 
was  further  divided  Into  two  subgroups,  consisting  of  only  two 
raters.  Table  12  shows  the  PSR  data  obtained  from  the  rating 
panel  observations. 

Let  us  also  assume  that  the  following  Information  has  been 
obtained  from  experts  on  rldeability  studies  (see  variability  of 
roadmeter  reading,  Chapter  3). 
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Table  11.  Measured  performance  and 
traffic  data 


Pavement  property 

section  1 

section  2 

section  3 

Roughness 

1950 

2050 

2150 

Deflection 

(10-3  in.) 

0.5 

1.5 

1.0 

(at  center 

in  the  fall) 

Distress  : 

(see  modified 

instructions 

appendix  E) 

Cracking 

16.0 

18.0 

24.5 

Rutting/ 

shoving 

18.5 

20.0 

21.0 

Patches 

10.0 

11.0 

16.5 

Pumping 

0.0 

0.0 

0.0 

Edge/joint 

/shoulder 

condition 

1.0 

1.0 

2.0 

ADT 

8000 

6500 

5000 
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Table  12.  Panel  ratings 


Engineers 

Others 

Roadmeter 

Maj 

or 

Minor 

Maj 

or 

Minor 

reading 

rater 

rater 

rater  rater 

rater 

rater 

rater 

rater 

1 

2 

3     4 

5 

6 

7 

8 

1400 

3.0 

2.9 

3.0   2.9 

3.2 

2.8 

2.9 

2.8 

2.9 

2.8 

2.8   2.7 

3.1 

2.7 

2.7 

2.8 

1600 

2.7 

2.6 

2.7   2.7 

2.9 

2.7 

2.5 

2.5 

1800 

2.6 

2.5 

2.4   2.5 

2.7 

2.6 

2.5 

2.5 

2000 

2.4 

2.3 

2.3   2.4 

2.6 

2.5 

2.3 

2.3 

2200 

2.3 

2.3 

2.2   2.1 

2.4 

2.4 

2.1 

2.3 

2400 
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PSR 

Group  concentration/ 
dilation  indices 
(i.e.  relative 
perceptiveness ) 


engineers 


1.6 


others 


0.8 


major 


minor 


Subgroup  weights 


0.625 


0.375 


Uncertainty  in  individual  opinion  (PSR)  -  +  0.25 

Roadmeter 

Uncertainty  in  the  reading  due  to  irrepeatability   -   7.5% 
Uncertainty  in  the  reading  due  to  variations  in 

gas  tank  level   =   2.0% 
"  "       "      "   variations  in 

vehicle  speed   ■   2.0% 
"  "       "      "   variations  in 

driver  characteristics   •   2.0% 


The  above  information  was  actually  obtained  from  engineers 
working  in  the  respective  areas  through  questionnaires  1  and  2 
reproduced  in  Appendix  F.   These  ranges  can  be  used  to  form  ker- 
nels of  fuzzif ication  of  the  Roadmeter  reading(  Chapter  3). 
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The  computer  program  ROAD  is  used  to  formulate  the  PSR-RR 
relationship  and  obtain  a  fuzzy  PSI  for  a  given  Roadmeter  read- 
ing. The  PSI  fuzzy  sets  were  obtained  for  the  sample  sections 
using  the  roadmeter  readings  in  Table  11.  The  results  of  the  com- 
putation are  found  in  Table6  Gl  and  G2  (Appendix  G).   Figure  32 
provides  a  graphical  representation  of  the  results. 

The  next  step  is  to  compare  these  PSI  values  with  the 
acceptable  and  unacceptable  serviceability  ranges.  Let  the 
responses  of  five  highway  engineers  regarding  these  ranges  be  as 
given  in  Table  13.  The  corresponding  fuzzy  sets  (see  acceptable 
serviceability  levels,  Chapter  5)  are  shown  in  Figure  33. 

With  results  of  ROAD  (Tables  Gl  and  G2)  the  acceptable  and 
unacceptable  indices  (Table  14),  u  and  u_  are  obtained  for  each 
section  (see  equation  (87)  for  the  computational  details). 

According  to  the  criteria  in  equation  (87),  all  three  pave- 
ment sections  belong  to  the  second  category  of  maintenance,  i.e., 
unacceptably  rough.   (Remark  :  the  data  were  chosen  to  achieve 
this,  so  that  the  example  can  be  pursued  further).  Deflection  and 
condition  surveys  should  then  be  scheduled  for  further  pavement 
evaluation.   The  data  resulting  from  such  surveys  are  also  given 
in  Table  11. 

The  range  of  variation  of  deflection  parameters,  to  be 
obtained  from  experts  (see  questionnaire  No.  4,  Appendix  F),  are 
used  to  form  a  kernel  of  fuzzif Ication  and  fuzzy  conversion  fac- 
tors for  deflection  readings  (see  fuzzif ication  of  measurements, 
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Figure  32.   PSI  for  different  Roadmeter  readings 
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Table  13.   Acceptable  and 
unacceptable  PSI  ranges 


Expert 

Acceptable 

Unacceptable 

range 

range 

1 

2.6  -  5.0 

0.0  -  2.5 

2 

2.4  -  5.0 

0.0  -  2.4 

3 

2.7  -  5.0 

0.0  -  2.7 

4 

2.8  -  5.0 

0.0  -  2.8 

5 

2.5  -  5.0 

0.0  -  2.5 
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Table    14    .    u     and    u     indices 
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Section 

\ 

\ 

1 

0.300 

0.363 

2 

0.231 

0.436 

3 

0.066 

0.443 
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Chapter  A).   The  deflections  in  Table  11  have  been  obtained  dur- 
ing the  fall  season  and  at  the  center  of  the  pavement.  Such 
deflections  should  be  standardized  to  the  more  critical  spring 
conditions  and  to  the  edge  of  the  pavement,  using  the  conversion 
factors  given  below  : 

Deflection 

Variation  due  to  irrepeatability  =   10% 

Factor  to  convert  fall  deflections  to  those 

of  spring   =   1.5 
"       "    pavement  center  deflections 

to  those  at  the  edge   ■   1.25 
Uncertainty  associated  with  the  fall-spring 

conversion  factor   "   2% 
"  "      with  the  center-edge 

conversion  factor   ■   5% 

The  deflection  readings  are  then  processed  through  the  "fuz- 
zification"  computer  program  DEF,  to  give  the  membership  func- 
tions of  the  deflection  (Table  G3  and  Figure  34). 

The  evaluation  data  of  Table  11  indicate  that  the  modified 
instructions  proposed  in  the  Appendix  E  were  used  for  the  dis- 
tress survey.  In  order  to  incorporate  the  rating  uncertainties  in 
the  analysis,  the  data  in  Table  15  are  assumed  (  obtained  from 
the  distress  survey  crew  itself  with  questionnaire  No.  5,  Appen- 
dix F).  Separate  kernels  of  fuzzif ication  can  be  formed  for  the 
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Figure  34.  Deflection  plots 
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Table  15.   Extents   of  distress  rating  uncertainty 


Type  of  distress 

uncertainty 

uncertainty 

in  extent 

in  severity 

Cracking 

2% 

10% 

Rutting  and  shoving 

3% 

- 

Patches 

10% 

10% 

Pumping 

- 

- 

Edge ,  joint  and  shoulder 

condition 

— 

— 
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extent  and  the  severity  of  the  relevant  distresses  using  the 
information  given  in  Table  15. 

With  these  data,  the  fuzzy  PCR  of  each  section  can  be 
obtained  using  the  computer  program  DIST.   The  results  of  the 
computations  are  given  in  Table  G4,  and  the  membership  functions 
are  plotted  in  Figure  35. 

Multi-attribute  ranking 

Knowing  the  fuzzy  attribute  values  (Figures  34  and  35,  and 
ADT  data  in  Table  12),  the  computer  program  EM  can  be  used  to 
obtain  the  required  ranking  for  maintenance.  In  order  to  do  this 
an  expert  data  base  which  determines  a  priority  utility  for  a 
given  combination  of  attribute  values  must  be  created  first.  As 
mentioned  in  Chapter  5,  under  multi-attribute  decision  making,  a 
priority  scale  of  1-10  can  be  used  for  this  purpose. 

Let  us  assume  that  the  data  in  Table  16  were  obtained  from 
two  pavement  decision  makers. 

In  constructing  the  expert  knowledge  base  using  the  above 
data,  the  computer  program  DM  uses  the  interpolation  technique 
discussed  in  Chapter  5.  Relative  priority  values  (see  Equation 
(123))  obtained  for  the  pavement  sections  1,2,  and  3  are  shown  on 
Table  G5  and  are  reproduced  here  in  Table  17.  Therefore,  the 
required  ranking  would  be  1,2  and  3,  the  highest  relative  prior- 
ity value  being  awarded  the  most  urgency  for  maintenance. 
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Figure  35.   PCR   Plots 
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Table  16  .  Expert  knowledge  base 


ADT 

defltn.OO  3in.) 

PCR 

utility 

expert  1 

expert  2 

4000 

1.0 

75.0 

4.4-4.6 

4.2-4.6 

5000 

1.5 

70.0 

5.2-5.3 

5.0-5.3 

6000 

2.0 

65.0 

6.3-6.5 

6.0-6.6 

7000 

2.0 

55.0 

7.2-7.45 

7.2-7.5 

8000 

2.0 

45.0 

8.2-8.4 

8.3-8.5 

9000 

2.2 

35.0 

9.0-9.15 

9.2-9.4 

9900 

2.5 

25.0 

9.7-9.9 

9.7-9.9 

Table  17.  Relative  priorities 


174 


Section 

Relative 

Priority 

1 

0.85 

2 

0.50 

3 

0.16 
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CHAPTER      :  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 

A  methodology  for  ranking  pavement  sections  in  a  highway 
network  according  to  maintenance  urgency  has  been  developed  with 
the  aid  of  fuzzy  sets  mathematics.   The  new  method  is  formulated 
within  the  framework  of  Indiana's  present  pavement  management 
system  which  suffers  from  imprecise  evaluations  and  subjectivity 
involved  in  human  decisions.   It  has  been  shown  that  the  theory 
of  fuzzy  sets  can  incorporate  the  system  and  human  uncertainty  in 
the  current  pavement  management  procedures  by  means  of  membership 
functions  which  carry  expert  judgment  into  the  analysis. 

Pavement  serviceability  indices  (PSI)  and  friction  numbers 
are  used  in  the  classification  of  pavements  according  to  their 
maintenance  needs.   Pavement  sections  with  inadequate  skid- 
resistance  are  ranked  for  immediate  maintenance  ;  those  which  do 
not  meet  serviceability  criteria  are  also  ranked  for  rehabilita- 
tion for  current  maintenance.   Pavements  satisfying  both  servi- 
ceability and  friction  criteria  are  ranked  only  for  future 
maintenance. 

When  the  Roadmeter  reading  (RR)  is  known,  the  PSI  of  a  sec- 
tion can  be  obtained  from  a  pavement  serviceability  rating  (PSR) 
-  RR  relationship  established  for  the  highway  network.  In  con- 
trast to  the  conventional  PSR  which  is  the  average  of  rideability 
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ratings  assigned  by  a  panel  of  raters  from  different  backgrounds, 
the  concept  of  a  fuzzy  PSR  was  introduced  in  the  present  investi- 
gation.  Incorporation  of  uncertainty  in  the  subjectively 
assigned  ratings  and  of  differences  in  perceptiveness  of  the 
raters  is  certainly  an  improvement  of  the  fuzzy  PSR  over  the 
existing  method.  Rater  perceptiveness  is  introduced  through  sub- 
group weights  and  group  concentration  and  dilation  indices.  These 
weights  and  indices  are  based  on  expert  judgment.  It  is  also 
shown  that  vagueness  in  expert  judgment  on  concentration  and 
dilation  indices  lead  to  a  Type  2  fuzzy  PSR. 

The  uncertainty  and  subjectivity  involved  in  the  evaluation 
of  the  major  pavement  properties  such  as  rideabilty,  skid- 
resistance,  distress  manifestation,  and  structural  adequacy  were 
investigated  in  detail.  Two  approaches  were  created  for  corre- 
lating the  Roadmeter  reading  of  a  pavement  with  its  PSR.   In  one 
approach,  the  Roadmeter  reading  is  considered  as  a  fuzzy  number 
to  account  for  variability  due  to  changes  in  climate,  gas  tank 
level,  driver  characteristics  and  the  imprecision  of  the  measur- 
ing system.   In  this  approach,  the  PSR-RR  relationship  becomes  a 
fuzzy  binary  relationship.  In  the  second  approach,  the  present 
notion  of  random  Roadmeter  variability  is  retained  and  the  fuzzy 
PSR  is  correlated  with  the  roadmeter  reading  using  fuzzy  regres- 
sion analysis.  Fuzzy  regression  analysis  is  still  in  its  infancy 
and  the  present  work  is  confined  to  regression  coefficients  which 
are  symmetric  fuzzy  sets.  It  is  recommended  that  this  method  be 
improved  to  include  regression  coefficients  represented  by 
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asymmetric  fuzzy  sets,  in  order  to  provide  a  better  correlation 
between  the  PSR  and  the  roadmeter  readings. 

A  major  factor  affecting  the  measured  friction  numbers  and 
deflections  is  the  variation  along  the  test  section.  Today,  this 
is  identified  as  a  random  variation  and  the  average  result  of  a 
specified  number  of  tests  is  assumed  to  account  for  the  sectional 
variation;  this  number  of  tests  is  conventionally  found  by  sta- 
tistical methods.  However,  the  measured  friction  numbers  have  not 
been  statistically  correlated  with  climatic  or  vehicle  speed 
changes.  In  this  work,  it  was  shown  that  measured  friction 
numbers  can  be  represented  as  fuzzy  numbers  with  climatic  and 
vehicle  speed  changes  modelled  by  kernels  of  fuzzif ication  to 
include  imprecision  in  the  measured  values. 

Acceptable  serviceability  and  skid-levels  are  subjectively 
determined  by  experts.  A  unique  demarcation  cannot  be  made 
between  acceptable  and  unacceptable  ranges,  because  each  indivi- 
dual opinion  involves  uncertainty  in  addition  to  being  different 
from  the  others.  It  was  shown  how  expert  responses  on  acceptable 
and  unacceptable  levels  can  be  directly  transformed  to  fuzzy 
sets.  By  using  the  fuzzy  implication  operator,  a  unique  criterion 
was  developed  for  classifying  pavements  according  to  maintenance 
needs,  by  comparing  fuzzy  PSI  and  friction  number  with  the 
corresponding  fuzzy  acceptable  levels. 

Dynaflect  tests  and  condition  surveys  are  conducted  on  unac- 
ceptably  rough  pavements  to  evaluate  deflection  and  distress. 
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Uncertainty  due  to  irrepeatability  of  deflection  measurements  is 
handled  by  fuzzif ication  of  deflection  values.  A  fuzzified 
deflection,  friction  number,  or  Roadmeter  reading  depict  possible 
values  for  that  measurement,  as  well  as  the  corresponding  degrees 
of  possibility,  through  memberships.  Deflections  are  considerably 
affected  by  seasonal  variations  and  the  location  of  the  test 
across  the  width  of  the  pavement.  The  most  critical  deflections 
occur  at  the  edge  of  the  pavement  during  the  spring  thaw  period. 
However,  current  practice  is  to  record  deflections  at  the  center 
of  the  pavements  during  summer  and  fall  seasons.  Factors  are 
presently  employed  for  each  type  of  pavement  to  convert  the  meas- 
ured values  to  those  corresponding  to  the  critical  conditions.  It 
is  recommended  that  these  crisp  factors  be  replaced  by  fuzzy 
conversion  factors  to  account  for  the  uncertainty  involved  in 
statistical  correlations  used  in  deriving  them. 

Fuzzy  sets  are  also  shown  to  be  useful  in  distress  surveys, 
since  the  current  methods  of  visual  evaluation  of  distress  cer- 
tainly introduces  human  subjectivity  into  the  ratings.  The  areas 
where  vagueness  appears  in  the  distress  survey  have  been  identi- 
fied.  Fuzzif ication  of  distress  ratings  leads  to  the  new  concept 
of  a  fuzzy  pavement  condition  rating  (PCR).  In  the  manipulation 
of  PCR,  the  relative  importance  of  each  distress  type  is 
presently  represented  by  the  mere  average  of  the  weights  assigned 
to  each  type  by  a  panel  of  experienced  engineers  in  the  state. 
Although  the  same  average  weights  are  used  in  the  fuzzy  PCR 
method,  it  is  possible  to  further  modify  this  procedure  to 
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incorporate  judgment  of  each  member  of  the  panel  of  engineers  on 
the  relative  importance  of  distress  types,  through  fuzzy  weights 
attached  to  them. 

No  universal  method  is  available  to  obtain  memberships  in 
the  present  "state-of-the-art"  of  fuzzy  sets  theory.  However, 
various  methods  have  been  proposed  in  the  literature  as  being 
suitable  for  different  problems.   In  the  present  work,  a  member- 
ship function  which  closely  agrees  with  the  implicit  analytical 
definition  is  used  for  all  symmetric  fuzzy  sets,  while  member- 
ships for  acceptable  performance  levels  and  maintenance  priori- 
ties are  created  based  on  a  method  resembling  exemplification.  It 
is  recommended  worthwhile  to  investigate  the  effect  of  different 
membership  formulations  on  the  final  ranking. 

The  new  ideas  proposed  in  this  work  of  including  the  percep- 
tiveness  of  raters  and  the  vagueness  inherent  in  evaluations  in 
the  pavement  management  system  were  discussed  with  practicing 
engineers  at  meetings  arranged  regularly.  This  was  also  made  the 
first  step  towards  obtaining  the  subjecive  information  from  the 
experts.  Until  now,  encouraging  response  has  been  obtained  from 
engineers  who  are  working  in  the  specific  modules  of  pavement 
management  system,  for  the  questionnaires  covering  the  extents 
and  the  types  of  variability  of  Roadmeter  reading,  friction 
number,  and  Dynaflect  reading.   The  author  is  of  the  opinion  that 
it  would  be  beneficial  for  the  state  to  obtain  such  information 
from  engineers  in  other  states  as  well. 
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The  Indiana  Department  of  Highways  uses  the  evaluation  and 
traffic  data  to  rank  the  pavement  sections  for  maintenance  and  to 
determine  rehabilitation  needs.  Decision-makers'  subjectivity 
comes  into  play  at  the  ranking  stage  as  well,  even  more  so  when 
the  attribute  values  or  the  factors  that  influence  such  a  deci- 
sion are  numerous.  This  multi-attribute  decision-making  process 
is  further  complicated  by  the  imprecision  in  the  evaluation 
parameters.   Friction  number  and  the  ADT  are  shown  to  be  attri- 
butes of  the  first  category  pavements  (inadequate  skid- 
resistance),  while  PCR,  deflections  and  ADT  serve  as  attributes 
for  the  second  category  (unacceptable  roughness).  Pavement  sec- 
tions which  are  to  be  ranked  for  future  rehabilitation  (  third 
category  )  involve  a  different  set  of  attributes  ;  the  remaining 
PSI  and  friction  lives.  It  has  been  illustrated  how  service  lives 
can  be  derived  from  the  performance  curves  knowing  the  evaluation 
results  and  the  acceptable  levels. 

A  new  methodology  for  ranking  pavement  sections  for  all 
three  categories  was  developed  using  concepts  of  fuzzy  multi- 
attribute  decision-making.   The  root  of  this  approach  is  the 
assumption  that  a  decision-maker  considers  only  the  magnitudes  of 
the  relevant  attributes  in  assigning  a  rank  for  a  pavement  sec- 
tion. The  need  then  arises  for  an  expert  knowledge  base  which 
determines  a  priority  value,  on  a  predetermined  scale,  for  a 
given  combination  of  attribute  values.  This  was  achieved  through 
questionnaires  ,  where  decision-makers'  judgment  of  the  relative 
priorities  are  sought  on  a  number  of  selected  combinations  of 
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attribute  values  relevant  to  each  category.  When  a  number  of 
expert  opinions  are  gathered,  the  priority  values  are  better 
represented  by  fuzzy  numbers.  To  encounter  this  situation,  the 
method  was  extended  to  cover  fuzzy  priority  values  as  well. 
Using  this  data  base  and  by  employing  an  interpolation  technique, 
it  is  shown  how  a  fuzzy  priority  value  is  obtained  for  any 
desired  combination  of  attribute  values.   This  results  in  fuzzy 
priority  values  for  each  pavement  section.  Then,  by  defining 
maximizing  priority  sets  for  the  pavement  sections  and  by  combin- 
ing them  with  the  corresponding  priority  sets,  a  set  of  crisp 
ranking  indices  are  extracted.   Thus,  using  evaluation  results, 
traffic  data,  and  expert  knowledge  a  unique  criterion  for  ranking 
pavement  sections  has  been  formulated  for  implementation  of 
maintenance. 
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APPENDIX  A 

Fuzzy   calculus 

Extension   principle   and   composition 


The    projection   of   an    n-ary    fuzzy    relation  R    ,    on 

X     x....x   X        where    (l,....r)    is    a   subseqence  of    (1, n), 

is    a   relation   on     X,    x....x  X        and    is    defined  by   Zadeh(1975)   as: 

1  r 


P 


roj.    R  =   U  [Sup  pR(x1,..,Xn)I/(x1,..,x )  (Al) 


Xr+l'",,Xn 


with    the   supreraura   taken   over  all    memberships    of   n-tuples    contain- 
ing any   values    of    x      .  , ,x    ,    where    (r+1, ,n)    is    the 

sequence    complementary    to    (l,....,r). 


Conversely,    if    R   is    a   fuzzy   set    in     X,    x x   X      ,    then   its 

1  r 

cylindrical  extension  in  X,  x x  X   is  a  fuzzy  set  c(R)  on 

1  n 

Xj  x...x  X   defined  by  Zadeh  (1975)  as  : 


c(R)  =  U  u(x   ,...,x  )  /  (x.,...,x  )  (A2) 


The  composition  of  two  fuzzy  relations  R  and  S  on  X.  x...x  X 
and   X  x.....x  X   respectively,  with  s  <r  is  expressed  by  Zadeh 
(1975)  as  : 


R.S  =  Proj.[c(R)n  c(S)]  on  [Xj  x...xX  ,  U[Xr+1  x..xXn]  (A3) 


c(R),  c(S),  and  c(R)f« c(S)  are  fuzzy  sets  on  the  space 
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X.x....xX  ,  and  the  composition  of  R  and  S  is  a  fuzzy  set  on  the 

subspace  complementary  to  the  subspace  common  to  R  and  S,i.e. 

X  x....xX  .  This  is  further  illustrated  by  the  discussion  of  com- 
s       r  y 


position  in  Chapter  2. 


The  extension  principle  (equation  19)  can  be  written  as 


UgCy)  =    Sup   min  [  uA  (xj)....^  (*n)l         (19) 

x .  1  n 

l 

y=f(x,) 


i 


wh 


ere  tlie  supremurn  is  taken  over  all  values  of  x,  ,...x  ,  satisfy- 

1  n 


ing   y    =    f(Xl, -xn). 


In   the   sequel   it    will   be    shown   that    the   fuzzy   set   B    in  equation 
(19)    can    be    obtained    by    the    composition    of    two    relations   R  and    S 
defined   in  a   special   manner. 


if      R   =   c(A    )    ,    c(A    ),  (A4) 

l  n 

then 


u   (x    , . . . ,x    )    =   min    [  u      (x.  ), .. , u      (x    )1 ,  (A5) 

K      1  n  A,       J  An 

1  n 

and 


c(R)    =   U    uR(x1  ,..,x    )/(x1 ,.. ,x    ,y)  (A6) 

where    c(R)    is    the    cylindrical   extension   of   R   on      X,x....xX  x  Y. 

In 
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Let  us  define  another  fuzzy  relation  S,  in   X,x....xX  x  Y   with  a 

1  n 

membership    function    : 
Ws(x., x    ,y)    =    1.0      for      y    =   f(x.,...,x    ). 

c(S)    =   U    u  (x   ,..,x    ,y)/(x    ,...,x    ,y)  (A7) 

bin  1  n 

From  equations  (A6)  and  (A7)  it  follows  that  : 

Uc(R)r,c(S)  =  ^(x1,..-,xn)  (A8) 

Further,  equations  (Al ) ,  (A3)  and  (A8)  give  : 

U^gCy)  =    Sup    ^(xr .*n)  (A9) 

x . 

l 

y=f(x.) 

It  is  also  noticed  from  equations  (A5)  and  (19)  that  : 

Ug(y)  =   Sup    UrCv *n)  (A10) 

x. 

l 

y=f(x.) 

Equations  (A9)  and  (A10)  produce  the  desired  result  as  : 

B  =  R.S 
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Agreement  of   it  curves  with  implicit  analytical  definition  of 
memberships 

Equations  (24)  and  (25)  (in  Chapter  3)  can  be  combined  to 
form  : 

d/dr  [p  (r)J  =  k  p  (r)  .  [1  -  u  (r)]  (All) 

c  c  c 

where   k    is    the   constant    of    proportionality.      Thus, 

dp  (r) 

k   r   =    /      ,    W1C r-vr  (A12) 

JM  (r)(  1   -    p  (r)) 
c  c 

On  integrating,  equation  (26)  is  obtained  : 

kr+c 

^C(r)  =  rf-TFsr  (26) 

1  +  e 
where  c  is  the  constant  of  integration. 

The  following  table  contains  values  of  memberships  obtained 
by  using  equations  (26)  and  (29)  with  the  respective  boundary 
conditions,  ( <5  =  0.01)  for  the  corresponding  k  values  where  : 

k  =  Y  ~  x 
B 

Figure  Al  is  a  plot  of  these  results. 


Table  Al .  Comparison  of  it  curves  and 
exponential  curves 
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membership  (from 
it  curve ) 


membership  (from, 
exponential  curve)  j 


0.0 

1.00 

0.1 

0.98 

0.2 

0.92 

0.3 

0.82 

0.4 

0.68 

0.5 

0.50 

0.6 

0.32 

0.7 

0.18 

0.8 

0.08 

0.9 

0.02 

1.0 

0.00 

0.99 
0.98 
0.94 
0.86 
0.71 
0.50 
0.29 
0.14 
0.06 
0.03 
0.01 


193 


> 
U 
3 

u 


c 


c 
c 

0 

y. 


a 
o 
en 

•H 
(-4 

to 

D- 
g 

o 


M 

3 
60 


APPENDIX    B 


194 

APPENDIX  B 

Type  2  fuzzy  sets 

The  exponential  and  scalar  multiplication  of  a  fuzzy  number 
a  (equation  (45),  Chapter  3)  are  given  by,  respectively  (Dubois 
and  Prade,  1980): 


ea  =  U  f(Lny.)/y.     for  y.  >  0  (B.l) 

j      J    J         J 

Aa  =  U  f(-^)/y.  (B.2) 

where  X  is  an  arbitrary  scalar  and  f(.)  is  the  membership  func- 
tion of  a.      Equation  (B.l)  and  (B.2)  can  also  be  written  as  : 

y  . 
ea  =  U  f(y.)/e  J  (B.3) 

j    J 
Au  =  LI  f(y.)/Ay.  (B.4) 

j    J    J 
Applying  equation  (B.3)  to  the  fuzzy  number  Aa  yields: 


Aa 


U  f(y.)/e  J  (B.5) 

j    J 


Since  the  membership  value   p(x.  )   (equation  (44),  Chapter  3)  is 
a  scalar,  its  Naperian  logarithm  is  also  a  scalar  which  can  be 
substituted  for  A  in  equation  (B.5): 

Lnu(x.  )a  y  .Lnu(x.  ) 

e     L    =  U  f(y.)/e  J     x  (B.6) 


this    can   be   simplified    to 
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Kx.)01  =   U   f(y.)/[y(x.)]    j 
.1  J 


(B.7) 


Substituting   this    expression    in  equation    (44) 


a  yi 

A      =   U   (U    f    (y.)    /[u(x    )]    J    )/x 

i      j 


(B.8) 


Hence  equations  (46a)  and  (46b)  are  obtained. 


APPENDIX   C 
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APPENDIX  C 

Fuzzy  linear  regression 

Since  the  proof  of  the  result  shown  in  equations  (55)  and 
(56)  is  rather  complicated,  it  is  first  given  for  one  random 
variable,  (equations  (66)  and  (67)).   Then,  it  is  shown  how  the 
proof  can  be  easily  extended  to  the  case  of  n  variables. 

To  show  that  fuzzy  PSI  set  is  a  if  curve  when  A,  and  A„  are 
assumed  to  be  it  curves,  assume  that  the  latter  are  shown  by  Fig- 
ure CI.   It  follows  from  the  definition  of  tt  curves  [equation 
(29a)]  that  : 

[a.  -  (Y.  -  B.)]2  6. 

V(a.)  «     2-1 A—  M       for   Y  -  -L   >  a.>  y  -  B.   (CI) 

l  L       i      J 


1  -  2  1 


a,  ~  Y,2  \ 

for   y.  >   a.  >  Y.  -  ■=-         (C2) 
i    i    i   I 


along  with  the  condition  of  symmetry  with  respect  to  y  . 
By  introducing  : 


a.  =  Y,  ±  kg. 
i    i     i 


equation  (CI)  gives  : 


U  (a. )  =  f(k),    for  all  a.  (C3) 

c\ .    X  1 

1 

which  can  be  identified  as  a  property  of  7f  curves  (Figure  CI). 


/Am 
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f(k) 


a-,        X 


Figure     CI.        Fuzzy     set     A. 


RRxA2 


(X2  ~k/32)RR 


-J 


T^CRR) 


»-  a, 


Figure     C2.        Fuzzy     set     RR     x     A 
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From   the   extension   principle,    and   since   RR   is   a    random  vari- 
able,  A_    x  RR   is    represented  by   the    tt  curve   in  Figure   C2    : 

w  <av  =  ,  max    u(a2>]  (c4) 

2  a      =RRxa~ 

Once  again  the  extension  principle  is  used  to  obtain  the 
membership  function  for  PSI  : 


U¥(y)  =    Sup   ^   min[l^RxA  (a'2),  uA  (a^]       (C5) 


y=al   +a'2 


Consider  a   value   of  y   given   by 


y   =   (Y1    -  k^)   +   (Y2    -   k32)RR 


There  are  3  ways  to  obtain  this  value 


(1)   ax  =  Yx  -  kBL  and  a'2  =  y2  RR  -  k*RR*32 


(2)   at  <  y1  -  k3   and  a'2  >  Y2*RR  -  k'RR'a, 


(3)   al   >  Yt  -  k6t   and   a2  <  Y2'RR  -  k'RR*  ^ 


When  all  these  possibilities  are  treated  according  to  equation 
(C5),  vl   (y)  is  given  by  the  critical  condition  corresponding  to 
the  first  possibility: 

*jpS1[y]  =  f(k)  (C6) 
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when     y  -  (Yj  -  kBj)  +  (T2  -  k^RR 

or    y  =  (yl  +  Y2'RR)  -  k(  ^  +  02*RR) 

Hence,  using  the  property  of  n  curves  obtained  in  equation 
(C3),  it  can  be  deduced  that  the  PSI  has  a  membership  function 
described  by  a  i  curve  with  : 


Y  =  Yj  +  Y2"RR  (66) 


and   3  =  B.  +  02'RR  (67) 


In  general,  this  shows  that  if  A  and  A^  are  described  by 
■n(y  ,&)   and  it(Y2,S2)  repectively,  then  Y  in  : 

Yj  -  AjXj  +  A^  (C7) 

is  also  described  by  a  i  curve. 


By  induction,  it  follows  that  Y_  in  : 

Y2  -  Yx  +  A^  (C8) 

is  also  described  by  a  n  curve  since  A_  and  Y.  are  v   curves.  By 
repeating  this  up  to  A  ,  it  follows  that  Y  in  : 


n 

=  Y 
n- 

1  + 

A  x 

n  n 

a 

Vi 

+ 

+ 

A 
n 

X 

n 

or       =  A,x,  + +  A_x_  (C9) 

is  described  by  a  u  curve. 
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In  the  same  manner,  equations  (55)  and  (56)  can  be  derived 
starting  from  equations  (66)  and  (67). 


APPENDIX   D 
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APPENDIX  D 


Some  useful  numerical  techniques 


Fuzzif ication 


Case  (i)  Combination  of  two  discrete  kernels 


K1(y*)  =  U  u  /y     y*  -  a  <  y   <  y*  +  a  (Dl) 


K2(y*)  =  U  U./y.     y*  -  6  <y   <  y*  +  Q  (D2) 

j  J 

From  the  properties  of  a  kernel  described  in  Chapter  3  (see  sec- 
tion on  fuzzif ication)  the  composite  kernel  is  given  by  : 


K(x)  =  KjCx)  .K2(x)  (48a) 


* 

y,  =y  +a  y  .=y  .  +  0 

K  =    u     u  .    u     v./y.  (D3) 

yi=y  -a  J2      i 


When  K  operates  on  a  number,  case  (iv)  below  may  be  used  for  the 
manipulation. 

Case  (ii)  Combination  of  a  continuous  kernel  and  a  discrete  ker- 
nel : 

If  the  discrete  kernel  is  given  by  : 

Kj(y  )  =  U  \i  /y  y  -  a  <  y.  <  y  +  a  (D4) 
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and   the   continuous   kernel   is   given   by    : 

K9(y   )  »   j   u/y         y     -6<y<y     +0  (D5) 

6 

Then  from  equation  (48a)  and  the  properties  of  a  kernel  : 


*^o  y  =y+a 

y=y  +6  '  i  J 

K  "   /       U    y  -  U±  /y.  (D6) 

y=y  -6  Ji  J 


1t 

This  will  be  a  continuous  fuzzy  set  centered  around  y   ,  with  a 
half-width   a  +  6  . 


When  K  operates  on  a  number,  techniques  in  case  (v)  may  be 
used  for  manipulation. 

Case  (iii).   Combination  of  two  continuous  kernels  : 


KjCy  )  c  /  u/y    y  -  a  <  y  <  y  +  a 


(D7) 


*     r     '      '  *        '    * 

Ko(y  )  =  J  U  /y     y   -  e  <  y   <;  y  +  6  (D8) 

8 

From  the  properties  of  kernels  and  equation  (48a)  : 


'  * 

y  =y  +9   y=y  +a 


K<y  >  -    /        /    U.V   /y  (D9) 

y  =y   -6   y=y  -a 

This,  is  a  continuous  fuzzy  operator  centered  around  y  .  It  can 
operate  on  a  crisp  number  using  the  techniques  in  Case(v)  below. 
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Case  (iv).   Discrete  kernel  operating  on  a  crisp  number  : 
Let  a  discrete  kernel  be  defined  by  : 
K(y*)  =  U  MK(Yi)/yi    y*  -  6  <  Yi  <  y*  +  9  (D10) 

Operating  this  kernel  on  a  crisp  number  x  results  in  : 
F  =  K  x 


F  =   [U   |iK(yi)/yi].[1.0/x] 


f  =  u  vK(yi)/yi       x-e<y<x+e  (did 


Case    (v)    Continuous  kernel   operating  on   a   crisp   number 


Let    K(y*)    =    /    U.(y)/y  y*    -  6   <  y    <  y*   +    6  (D12) 

6     K 

Then, 


F  =    [/   o,(y)/y    ].[    1.0/x] 
9     K 


F   =    /   H,(y)/y  x-    6<y    <x+    9  (D13) 

e  ^ 

This    is    a   fuzzy   set    defined  by   the   kernel    itself    but    centered 
around   x. 
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Use  of  fuzzy  factors 

The  following  is  a  continuation  of  the  discussion  on  fuzzy 
factors  in  Chapter  4. 

Case  (iii)a.  Multiplication  of  a  continuous  fuzzy  set  by  a 
discrete  fuzzy  factor  : 


f   =0l/y  y*  -    8   <  y      <  y*  +    8  (D14) 

i 


6  =    /   u/6  <5*-a<6<;5*+a  (D15) 


F  -  f.    6 


=    [U    yyjf/   u/6] 
i  a 

From  the  extension  principle  : 


f  =  u  /  v    Uj/yjfi 
i  a 


if  yt«  -  V 


then 


F  =  U  /  ua  y  /j^  (D16) 

i  a 

where  (y  -  8  )(  6  -  a  )  <  x,  <  (y  +8)(6  +a) 


Case  (iii)b.  Similarly,  a  continuous  fuzzy  factor  can  be  multi- 
plied by  a  discrete  fuzzy  set.  It  should  be  noted  that  in  both 
cases  (iii)a,  and  (iii)b,  a  continuous  fuzzy  set  will  result. 
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Case  (iv).   Multiplication  of  a  continuous  fuzzy  set  by  a  con- 
tinuous fuzzy  factor  : 


f    =   /   u/y  y     -    8   <  y    <  y     +6  (D17) 

e 


6  =    /   y  /6  6*   -    a  <   6   <    5     +a  (D18) 


F  =   f.6 


-  [  /  u/y  ]  [  /  v  1 6] 

9  a 


if   x  =  y.    6,    then 


F=||pap/x  (D19) 

a  e 

where    (y     -    8  )(    6     -    a  )    <  x    <  (y     +    8  )(    5     +    a  ) 
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APPENDIX  E  .  Distress  survey  instructions 
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Table    El.        Proposed    new    rating    scales 
for    Indiana. 

Rigid   Pavement  Defects 

25  -  D-Cracking   and  Transverse  Joint  Condition 

25  -  All    other  types   of  cracking 

25  -  Patches  and  Slab  breakup 

15   -  Pumping 

-0  -  Edge  joint  and  shoulder  condition 

Flexible  Pavement  Defects 

30  -  All  types  of  cracking 
25  -  Rutting  and  shoving 
30  -  Patches 
10  -  Pumping 
5  -  Edge  joint  and  shoulder  condition 
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APPENDIX  F.  Questionnaires  for  experts 
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Questionnaire  No.  1 


Introduction 


The  initial  screening  of  road  sections  in  determining  needs 
for  major  maintenance  is  road  roughness  as  measured  by  the  roadm- 
eters.   Roughness  data  are  calibrated  (or  correlated)  with  data 
from  road  rating  panels  in  which  a  variety  of  road  users  cast 
their  respective  subjective  judgment  about  the  "quality"  of  the 
different  pavement  sections. 

In  the  past,  data  from  rating  panels  were  lumped  and  no  dis- 
tinction was  made  between  responses  from  different  people.   It 
has  been  suggested  that  raters  with  different  backgrounds  and 
experience  will  view  pavement  condition  In  different  ways.   This 
is  consequent  to  the  fact  that  urgency  of  maintenance,  to  some 
extent,  depends  on  the  likelihood  that  the  pavement  surface  con- 
ditions suggest  "serious"  internal  problems,  that  the  conditions 
represent  "serious"  traffic  hazards  and  whether  the  difficulties 
warrant  correction  in  light  of  traffic  volumes  carried  by  the 
section.   Each  rater,  then,  has  a  different  perspective  towards 
the  question  of  pavement  "quality",  and  our  objective  is  to 
gather  highway  experts'  subjective  opinions  about  raters'  percep- 
tiveness  on  pavement  serviceability. 

Thus,  we  seek  your  judgment.   We  have  prepared  a  series  of 
questions  to  allow  us  to  assemble  your  judgment  with  those  of 
others  regarding  the  relative  weight  to  be  assigned  to  individual 
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ratings,  when  road  sections'  Present  Serviceability  Ratings  (PSR) 
are  being  established. 

1 .  Do  you  agree  that  judgments  of  some  raters  could  deserve  more 
weight  when  assembling  panel  data,  depending  on  their  percept- 
iveness  of  the  serviceability  question? 

Yes     No 

2.  If  different  weights  are  to  be  attached  to  the  judgments,  basically 
it  is  convenient  to  group  them  according  to  their  backgrounds  so  that 
a  single  weight  could  be  attached  to  each  group.  Table  1  describes 
the  professional  backgrounds  and  the  ages  of  one  such  rating  panel. 
One  possible  grouping  for  this  panel  is  presented  in  Table  2.  Do 
you  agree  with  this  grouping? 

Yes     No 

If  your  response  is  'No'  please  proceed  to  Q.7. 

IF  YOU  AGREE  WITH  THE  BASIC  GROUPING. 

3.  If  judgments  of  different  raters  deserve  different  relative 
weightings,  on  a  scale  of  00  to  2.0  what  such 
levels  would  you  assign  to  each  group  in  determining  Pavement 
Serviceability  Ratings  from  this  panel?   (Assign  a  value  such 
as  0.5  or  1.1  or  1.5  depending  on  the  subjective  perceptive- 
ness  you  place  on  each  group's  judgment). 
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Group  Relative  weight 

A 
B 

C 

OR 

Do  you  believe   that   each   group's    judgment   should  be   viewed 
exactly   the   same   in  obtaining   the   PSR? 

Yes  No 

4.  After  the  basic  grouping  do  you  agree  that  categorization  according 
to  experience  and  other  factors  within  a  group  is  appropriate  as 
shown  in  Table  2? 

Yes     No 

5.  If  the  answer  to  Question  4  is  'Yes',  now  we  seek  your 
subjective  opinion  on  relative  weighting  factors  to  be 
assigned  for  the  judgments  of  the  respective  sub-groups 
(taken  as  a  unit)  in  a  scale  of  0.0-1.0? 

Sub  Group  Weighting  Factor 

Minor 
Major 
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6.  If  the  answer  to  Question  4  is  'No'  then  do  you  wish  to  see  some 
changes  between  minor  and  major  subgroups? 

Yes     No 

If  'Yes'  please  indicate  them  on  Table  2.   (Indicate  the  rater  to  be 
shifted  to  the  other  sub-group  by  placing  a  '*'  in  front  of  him.) 
Further,  what  relative  weighting  factors  would  you  assign 
for  your  modified  sub-groups  (each  considered  as  a  unit) 

Sub-Group  Factor 

Minor 
Major 

OR 

Do  you  have  other  suggestions  for  categorization  within  a  group? 

Yes     No 

If  'Yes'  please  indicate  them  on  the  provided  sheet. 

Please  proceed  to  Question  No.  20. 

IF  YOU  DISAGREE  WITH  THE  BASIC  GROUPING 

7.  Do  you  feel  that  a  reassembly  should  be  performed  keeping  the 
main  groups  the  same? 

Yes     No 
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If  the  response  is  'No'  please  proceed  to  Question  No.  13. 

8.  If  the  answer  to  Question  7  is  'Yes'  please  indicate  on  Table  2 
which  rater  you  would  shift  and  to  where  shifted.   (Indicate  this  by 
writing  the  new  group  name  in  front  of  the  rater.) 

9.  With  your  modified  groups,  please  indicate  your  suggested  relative 
weighting  levels  in  the  same  manner  as  per  instructions  in 
Question  3.   Use  the  table  below  to  record  your  responses. 


Group  Relative 

Weight 


A 

5 

C 


10.  Do  you  agree  with  the  idea  of  categorizing  within  a  group  according 
to  experience  (age)  if  they  are  of  the  same  professional  types 

or  according  to  their  interest  in  pavements  if  they  are  of 
different  background? 

Yes      No 

11.  If  the  answer  to  Question  10  is  'Yes'  indicate  the  distribution 

of  raters  you  would  use  for  major  and  minor  sub-groups  for  each  of 

your  groups.  (Indicate  this  by  writing  M  -  for  Major  or 

m  -  for  minor  in  front  of  the  raters  you  have  shifted  in 
Table  2.) 
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12.  For  your  sub-groups  (each  considered  as  a  unit),  on  a  scale 
of  0.0  -  1.0,  what  relative  weighting  levels  would  you 
attach  to  each? 

Sub-group  Weighting  Factor 


Major 
Minor 


Please  proceed  to  Question  No.  20. 

13.  If  the  answer  to  Question  7  was  'No',  are  you  of  the  opinion  that 
more  main  groups  should  be  formed  according  to  their  backgrounds? 

Yes     No 

14.  If  the  answer  to  Question  13  is  'Yes'  please  indicate  main  groups 
you  would  propose  [Indicate  the  group  name  in  front  of  each  rater 
in  Table  1.] 

With  your  newly  formed  groups  please  answer  Question  15,  16,  17 

and  18  as  per  instructions  in  Questions  9,  10,  11  and  12,  respective! 


15.  Group  Relative 

Weight 

A 

B 

C 

D 

E 
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16.  Yes  No 

17.  Use  Table  1  for  your  responses. 

18.  Sub-group  Weighting  Factor 

Major 
Minor 

*19.  If  the  response  to  Question  1  was  'No'  please  indicate  why  not 
on  the  sheet  provided. 

FINALLY 

20.  A  list  of  Highway  users  with  various  backgrounds  who  could  be 

members  of  serviceability  rating  panels  in  general,  Is  shown  in 
Table  3  along  with  their  ages.   Please  indicate  in  the  space 
provided,  on  a  scale  of  0.0-2.0  the  relative  weights  you 
would  place  in  each  raters  judgment,  in  your  subjective 
opinion. 
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1  Highway  Research  Engineer  (20-29) 

2  Training  Officer  (Administrative)  (40-49) 

3  Highway  Research  Engineer  (30-39) 

4  "  (50-59) 

5  "  (20-29) 

6  Engineering  Asst.  Supervisor  (30-39) 

7  Mechanic  (30-39) 

8  Secretary  (30-39) 

9  Highway  Research  Engineer  (50-59) 

10  Highway  Engineering  Assistant  (20-29) 

11  »  (20-29) 

12  Electronics  Technician  (40-49) 

13  Bituminous  Laboratory  Technician  (20-29) 

14  Highway  Engineering  Assistant  (30-39) 

15  "  (20-29) 

16  "  (50-59) 
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Under  40  yrs   Over  4 


Highway  Research  Engineer 

Civil  Engineers  associated  with  highways 

Other  Civil  Engineers 

Mechanical  Engineers 

Other  Engineers 

Engi fit-ems  Assistants  associated  with  highways 

Other  Civil  Engineering  Assistants 

Non-Civil  Engl r -v-ring  Assistants 

Civil  Engineering  laboratory  technicians 

Non-Civil  Engineering  Technicians 

Truck  Driver' 

Highway  Research  Administrator 

Other  Professionals 

Working  road  users 

Housewives 
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Questionnaire  No.  2 

Our  previous  questionnaire  addressed  the  formation  of  a 
pavement  serviceability  rating  (PSR),  which  incorporates  the  dif- 
ferent degrees  of  perceptiveness  of  different  raters. 

Our  next  objectives  are  to  correlate  our  PSR  with  roadmeter 
reading,  obtain  the  PSI  for  pavement  sections  and  to  compare  the 
PSI  with  the  acceptable  serviceability  index  (ASI)  in  rank- 
ordering  pavements  according  to  rideability. 

In  this  questionnaire  we  seek  your  judgment  on  the  inherent 
variability  of  the  roadmeter  and  on  the  acceptable  serviceability 
indices.   These  will  allow  us  to  develop  a  complete  PSI  model, 
while  including  all  of  the  previous  provisions  for  different 
degrees  of  perceptiveness  and  human  uncertainty. 

1.   The  Indiana  Department  of  Highways,  and  also  many  other 
highway  departments  compare  performances  of  pavements  and  set 
maintenance  priorities  based  on  the  pavement  serviceability  index 
(PSI),  as  derived  from  the  correlation  of  the  roadmeter  reading 
and  the  pavement  serviceability  rating  (PSR).   PSI  takes  values 
on  a  scale  of  0.0-5.0.   The  PSI  history  of  a  pavement  section 
shows  that  deterioration  of  the  pavement  quality  occurs  with 
time,  leading  to  a  sharp  decrease  in  PSI  below  which  the  pavement 
condition  becomes  a  traffic  hazard.   This  hazardous  stage  is  not 
sharply  defined,  and  different  people  will  recognize  it  at 
slightly  different  stages  as  their  perceptions  of  the  cost  of 
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rehabilitation  and  the  dangers  involved  with  such  a  pavement 
differ. 

a)  Above  what  value  of  PSI ,  in  your  opinion,  is  a  primary 
(major)  pavement  totally  acceptable  for  traffic?   (This  is  the 
Acceptable  Serviceability  Index  or  ASI.)   Please  answer  the  same 
question  for  a  secondary  pavement. 

Type  of  Pavement  ASI 

Primary 
Secondary 

b)  Below  what  PSI  value  in  your  opinion  is  a  primary  pave- 
ment totally  inadequate?   (This  is  the  Non-acceptable  Servicea- 
bility Index  or  NASI.)   Please  answer  the  same  question  for  a 
secondary  pavement. 

Type  of  Pavement         NASI 

Primary 
Secondary 

2.   Pavement  Serviceability  Rating  is  the  combined  judgment 
by  the  rating  panel  of  the  quality  of  the  pavement.   Each  rater 
assigns  a  value  for  the  section  on  the  scale  of  0.0-5.0  according 
to  his  or  her  perception  of  the  serviceability  of  a  pavement  sec- 
tion.  The  rater's  judgment  is  an  imprecise  number  since  if  he  or 
she  is  given  more  trials  under  similar  conditions,  repetitions  of 
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the  previous  rating  cannot  be  expected  in  general.   In  other 
words,  since  the  judgment  is  purely  subjective,  he  or  she  obvi- 
ously gives  considerable  support  to  a  domain  around  the  assigned 
value.   Therefore,  it  is  believed  that  an  individual  opinion  is 
better  represented  by  such  a  range  rather  than  a  discrete  number. 

a)  Do  you  agree  with  this  idea? 

b)  If  so,  what  in  your  opinion  is  the  interval  that  such  a 
rating  can  be  within?   [For  example,  if  a  rating  of  2.5  can,  in 
your  opinion,  be  any  valae  between  2.2  and  2.8,  the  required 
interval  is  O.6.] 

3.   Inspection  of  roadmeter  readings  obtained  from  repeated 
trials  on  a  given  pavement  section  reveals  a  significant  scatter. 
This  may  be  mainly  due  to  the  inability  of  the  roadmeter  to 
replicate  the  same  path  every  time  it  scans  the  contract  section. 

We  can  consider  the  roadmeter  reading  as  supporting  a  range 
of  values  rather  than  a  discrete  value,  in  order  to  account  for 
this  imprecisely  defined  roughness. 

Let  us  assume  that  the  count  obtained  for  a  certain  section 
is  500.   If  it  is  thought  that  a  range  of  10%  of  this  count 
represents  the  variability  of  the  reading,  it  may  be  appropriate 
to  represent  the  roughness  of  that  section  by  the  interval  450- 
550,  with  the  highest  belief  attached  to  500. 

a)   Do  you  agree  with  this  idea? 
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b)   What  such  interval  in  your  opinion  is  suitable  to 
characterize  a  roadmeter  reading?   (Please  provide  the  interval 
as  a  percentage  of  the  reading.) 

4.   It  is  known  that  the  gas  tank,  level,  driver  characteris- 
tics and  changes  in  vehicle  speed  have  some  influence  on  the 
roadmeter  reading. 

a)  For  a  certain  driver,  assuming  that  the  vehicle  is 
driven  at  the  standard  speed,  what  is,  in  your  opinion,  the  vari- 
ability in  roadmeter  reading  induced  by  the  possible  variations 
in  the  gas  tank  level.   [Ex.   For  a  roadmeter  reading  of  600,  if 
the  gas  tank  level  changes  vary  the  roadmeter  reading  within  594 
and  606,  then  the  required  range  is  2%.] 

b)  For  a  certain  driver,  assuming  no  changes  in  the  gas 
tank  level,  in  your  opinion  what  range  of  variation  is  possible 
in  the  roadmeter  reading  due  to  any  changes  in  vehicle  speed  from 
the  standard  speed  of  50  mph?   Please  respond  according  to  the 
example  in  4. a. 

c)  Assuming  the  vehicle  is  driven  at  the  standard  speed  and 
that  there  are  no  gas  tank  level  changes,  in  your  opinion  what 
range  of  values  is  possible  for  a  certain  roadmeter  reading  due 
to  possible  variations  in  driver  characteristics  (i.e.,  unsteady- 
ness,  etc.)?   Please  respond  according  to  the  example  in  4. a. 
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Questionnaire  No.  3 

Our  previous  questionnaires  dealt  with  the  determination  of 
present  serviceability  rating  (PSR)  and  acceptable  serviceability 
index  (ASI).   These  determinations  include  the  use  of  the  weights 
in  data  manipulations  to  account  for  different  degrees  of  percep- 
tiveness  of  different  panel  members  rating  a  pavement.  Uncer- 
tainty inherent  in  the  roadmeter  reading  was  also  considered. 

Now  let  us  assume  that  pavement  sections  have  been  sorted 
out  into  those  having  acceptable  or  non-acceptable  serviceability 
indices.   For  those  having  acceptable  values,  it  is  still  possi- 
ble that  they  require  speedy  maintenance  to  account  for  in- 
service  behavior  that  it  not  included  in  the  context  of  the  PSR 
(rideability)  concept. 

For  the  pavements  having  acceptable  serviceability  indices, 
the  next  step  in  the  evaluation  system  is  categorization  accord- 
ing to  the  level  of  skid-resistance.   In  the  State  of  Indiana, 
skid-resistance  of  pavements  is  measured  by  the  skid-tester  and 
the  friction  number  obtained  is  100  x  the  coefficient  of  friction 
and  can  be  any  value  between  0  and  100. 

The  friction  number  is  found  to  be  influenced  by  a  number  of 
factors  such  as  temperature,  rainfall  and  the  speed  of  the  tes- 
ter.  The  changes  due  to  these  factors  are  so  irregular  that  even 
the  current  statistical  methods  have  not  succeeded  in  identifying 
a  systematic  variation.  In  the  presence  of  these  variables,  a 
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precise  friction  number  cannot  be  defined.   Due  to  this  lack  of 
precision,  the  skid-resistance  of  a  contract  section  leads  to 
system  uncertainty. 

The  purpose  of  this  questionnaire  is  to  gather  subjective 
information  from  experts,  regarding  the  friction  number  variabil- 
ity and  the  acceptable  friction  numbers  to  ensure  safety  of 
traffic. 

According  to  your  judgment,  above  what  friction  number  can 
the  traffic  move  without  significant  risk  of  skidding?   If  you 
believe  that  this  value  depends  on  the  pavement  type,  please 
indicate  your  values  corresponding  to  each  pavement  type  in  the 
relevant  spaces  below. 

Type  of  Pavement  FN 

Asphalt 
Overlay 
CRCP 
JRCP 

According  to  your  judgment,  below  what  friction  number  is 
resurfacing  necessary  to  prevent  skidding?   Please  fill  the  fol- 
lowing table  as  per  instructions  in  the  above  question. 
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the  previous  rating  cannot  be  expected  in  general.   In  other 
words,  since  the  judgment  is  purely  subjective,  he  or  she  obvi- 
ously gives  considerable  support  to  a  domain  around  the  assigned 
value.   Therefore,  it  is  believed  that  an  individual  opinion  is 
better  represented  by  such  a  range  rather  than  a  discrete  number. 

a)  Do  you  agree  with  this  idea? 

b)  If  so,  what  in  your  opinion  is  the  interval  that  such  a 
rating  can  be  within?   [For  example,  if  a  rating  of  2.5  can,  in 
your  opinion,  be  any  value  between  2.2  and  2.8,  the  required 
interval  is  O.6.] 

3.   Inspection  of  roadmeter  readings  obtained  from  repeated 
trials  on  a  given  pavement  section  reveals  a  significant  scatter. 
This  may  be  mainly  due  to  the  inability  of  the  roadmeter  to 
replicate  the  same  path  every  time  it  scans  the  contract  section. 

We  can  consider  the  roadmeter  reading  as  supporting  a  range 
of  values  rather  than  a  discrete  value,  in  order  to  account  for 
this  imprecisely  defined  roughness. 

Let  us  assume  that  the  count  obtained  for  a  certain  section 
is  500.   If  it  is  thought  that  a  range  of  10%  of  this  count 
represents  the  variability  of  the  reading,  it  may  be  appropriate 
to  represent  the  roughness  of  that  section  by  the  interval  450- 
550,  with  the  highest  belief  attached  to  500. 

a)   Do  you  agree  with  this  idea? 
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b)   What  such  interval  in  your  opinion  is  suitable  to 
characterize  a  roadmeter  reading?   (Please  provide  the  interval 
as  a  percentage  of  the  reading.) 

4.   It  is  known  that  the  gas  tank  level,  driver  characteris- 
tics and  changes  in  vehicle  speed  have  some  influence  on  the 
roadmeter  reading. 

a)  For  a  certain  driver,  assuming  that  the  vehicle  is 
driven  at  the  standard  speed,  what  is,  in  your  opinion,  the  vari- 
ability in  roadmeter  reading  induced  by  the  possible  variations 
in  the  gas  tank  level.   [Ex.   For  a  roadmeter  reading  of  600,  if 
the  gas  tank  level  changes  vary  the  roadmeter  reading  within  594 
and  606,  then  the  required  range  is  2%.] 

b)  For  a  certain  driver,  assuming  no  changes  in  the  gas 
tank  level,  in  your  opinion  what  range  of  variation  is  possible 
in  the  roadmeter  reading  due  to  any  changes  in  vehicle  speed  from 
the  standard  speed  of  50  mph?   Please  respond  according  to  the 
example  in  4. a. 

c)  Assuming  the  vehicle  is  driven  at  the  standard  speed  and 
that  there  are  no  gas  tank  level  changes,  in  your  opinion  what 
range  of  values  is  possible  for  a  certain  roadmeter  reading  due 
to  possible  variations  in  driver  characteristics  (i.e.,  unsteady- 
ness,  etc.)?   Please  respond  according  to  the  example  in  4. a. 
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Questionnaire  No.  3 

Our  previous  questionnaires  dealt  with  the  determination  of 
present  serviceability  rating  (PSR)  and  acceptable  serviceability 
index  (ASI).   These  determinations  include  the  use  of  the  weights 
in  data  manipulations  to  account  for  different  degrees  of  percep- 
tiveness  of  different  panel  members  rating  a  pavement.   Uncer- 
tainty inherent  in  the  roadmeter  reading  was  also  considered. 

Now  let  us  assume  that  pavement  sections  have  been  sorted 
out  into  those  having  acceptable  or  non-acceptable  serviceability 
indices.   For  those  having  acceptable  values,  it  is  still  possi- 
ble that  they  require  speedy  maintenance  to  account  for  in- 
service  behavior  that  it  not  included  in  the  context  of  the  PSR 
(rideability)  concept. 

For  the  pavements  having  acceptable  serviceability  indices, 
the  next  step  in  the  evaluation  system  is  categorization  accord- 
ing to  the  level  of  skid-resistance.   In  the  State  of  Indiana, 
skid-resistance  of  pavements  is  measured  by  the  skid-tester  and 
the  friction  number  obtained  is  100  x  the  coefficient  of  friction 
and  can  be  any  value  between  0  and  100. 

The  friction  number  is  found  to  be  influenced  by  a  number  of 
factors  such  as  temperature,  rainfall  and  the  speed  of  the  tes- 
ter. The  changes  due  to  these  factors  are  so  irregular  that  even 
the  current  statistical  methods  have  not  succeeded  in  identifying 
a  systematic  variation.   In  the  presence  of  these  variables,  a 
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precise  friction  number  cannot  be  defined.   Due  to  this  lack  of 
precision,  the  skid-resistance  of  a  contract  section  leads  to 
system  uncertainty. 

The  purpose  of  this  questionnaire  is  to  gather  subjective 
information  from  experts,  regarding  the  friction  number  variabil- 
ity and  the  acceptable  friction  numbers  to  ensure  safety  of 
traffic. 

According  to  your  judgment,  above  what  friction  number  can 
the  traffic  move  without  significant  risk  of  skidding?   If  you 
believe  that  this  value  depends  on  the  pavement  type,  please 
indicate  your  values  corresponding  to  each  pavement  type  in  the 
relevant  spaces  below. 

Type  of  Pavement  FN 

Asphalt 
Overlay 
CRCP 
JRCP 

According  to  your  judgment,  below  what  friction  number  is 
resurfacing  necessary  to  prevent  skidding?   Please  fill  the  fol- 
lowing table  as  per  instructions  in  the  above  question. 
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FN 


Type  of  Pavement 

Asphalt 
Overlay 
CRCP 
JRCP 


2.  Research  on  the  skid-tester  has  revealed  that  the  fric- 
tion number  of  a  pavement  section  is  affected  by  the  climatic 
conditions   (temperature  and  rainfall  differences)  and,  the  speed 
of  the  skid-tester,  which  are  independent  of  each  other. 

The  friction  number  of  a  pavement  section  is  obtained  under 
given  climatic  conditions,  defined  by  temperature  and  rainfall. 
If  this  number  is  to  represent  the  skid  characteristics  of  that 
section  under  any  climatic  condition  (assuming  that  there  are  no 
vehicle  speed  changes),  it  may  be  more  appropriate  to  indicate  an 
interval  instead  of  a  unique  number. 

a)  Do  you  agree  with  this  idea? 

If  your  response  is  'No'  please  proceed  to  2(ii). 

b)  What  such  friction  number  interval  should  be  specified 
for  a  certain  friction  number  according  to  your  judgment? 

You  may  use  the  following  table  to  indicate  your  answer,  as 
a  percentage  of  the  friction  number.   [For  example,  if  you 
believe  that  for  a  pavement  indicating  a  friction  number  of  50, 
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the  friction  numbers  due  to  possible  climatic  changes  could  be 
within  45  and  55,  the  required  interval  is  20%.] 

Pavement  Type  Friction  Number 

Asphalt 
Overlay 
CRCP 
JRCP 


ii)   Suppose  that  the  friction  number  of  a  pavement  section 
is  obtained  for  a  given  vehicle  speed,  which  might  be  different 
from  the  standard  vehicle  speed.   If  that  number  is  to  account 
for  any  such  speed  changes  from  the  standard  vehicle  speed 
(assuming  that  there  are  no  climatic  changes)  it  may  be  more 
appropriate  to  specify  a  friction  number  Interval  along  with  the 
above  friction  number. 

a)  Do  you  agree  with  this  idea? 

b)  What  such  interval,  in  your  opinion,  should  be  specified 
for  a  certain  friction  number? 

You  may  use  the  following  table  to  indicate  your  answer,  as 
per  instructions  in  2(i). 
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Pavement  Type  Friction  Number 

Asphalt 
Overlay 
CRCP 
JRCP 
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Questionnaire  No.  4 

Three  questionnaires  have  been  previously  sent  out  by  us 
with  the  objective  of  collecting  highway  engineers'  expertise  on 
pavement  evaluation.  Those  questionnaires  addressed  the  incor- 
poration of  the  raters'  perceptiveness  in  serviceability  rating, 
acceptable  serviceability  indices,  roadmeter  variability  and  the 
variability  associated  with  the  friction  number.   Techniques  are 
available  to  include  this  expert  knowledge,  once  gathered,  in  the 
pavement  evaluation  system  using  fuzzy  sets  mathematics. 

In  assigning  priorities  for  maintenance,  pavement  sections 
are  first  separated  into  two  categories,  with  acceptable  and 
unacceptable  PSI  values.  The  sections  with  acceptable  roughness 
are  then  tested  for  skid-resistance  and  by  means  of  an  acceptable 
friction  number  they  are  further  sub-divided  into  two  categories: 
acceptable  and  unacceptable  skid  levels.   Currently,  the  IDOH  is 
planning  to  develop  a  procedure  to  test  the  sections  with  unac- 
ceptable roughness  (PSI)  for  deflections  in  order  to  obtain  over- 
lay design  thicknesses. 

Indiana  Department  of  Highways  uses  the  dynaflect  for 
deflection  testing.   Variability  is  also  associated  with  the 
dynaflect  reading  which  is  vulnerable  to  changes  in  climatic  con- 
ditions. Furthermore,  the  inability  to  repeat  a  reading  at  a 
particular  test  position  also  contributes  to  this. 

In  this  questionnaire  we  address  the  problem  of  variability 
associated  with  the  deflection  reading.   We  seek  your  judgment  on 
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the  possible  extent  of  these  variations  to  enable  us  to  incor- 
porate them  in  the  evaluation  system. 

1.  Results  of  dynaflect  tests  at  the  same  location  on  a 
given  section  reveals  a  wide  scatter.   Thus,  it  may  be  appropri- 
ate to  characterize  the  deflection  by  a  range  of  values.   Assum- 
ing no  climatic  changes,  in  your  opinion  what  range  of  variation 
would  you  expect  in  the  dynaflect  reading  at  the  same  location  on 
repeated  trials?   [Ex.:   If  the  dynaflect  reading  at  a  certain 
location  is  8  mils  and  you  believe  that  in  repeated  measurements 
it  may  lie  between  7.6  and  8. A  mils,  then  the  required  range  is 
10%.] 

Please  indicate  your  answer  as  a  percentage  in  front  of  each 
pavement  type  given  below. 

Pavement  Type         Possible  range  of  variation  (%) 

Asphalt 
Overlay 
CRCP 
JRCP 

2.  Deflections  measured  at  the  edge  of  a  pavement  are  con- 
sidered more  critical  because  deterioration  usually  initiates  at 
the  edge.  It  is,  however,  more  convenient  to  measure  the  center 
deflections,  which  are  later  correlated  to  the  edge  deflections. 
What  factors  would  you  propose  to  be  used  in  converting  center 
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deflections  to  those  at  the  edge?   Please  indicate  your  answer 
corresponding  to  each  pavement  type. 

Pavement  type     Edge  def ./center  def . 

Asphalt 
Overlay 
CRCP 
JRCP 

Currently  these  factors  are  obtained  by  statistical  methods. 
But  we  notice  that  the  analysts'  subjective  judgment  invariably 
is  involved  in  such  procedures.   For  example,  when  using  the 
analysis  of  variance  (ANOVA)  method  to  get  the  conversion  fac- 
tors, only  the  "80th  percentile"  values  of  the  variances  of  each 
set  of  deflections  are  considered.   Imprecision  is  also  intro- 
duced due  to  the  difficulty  in  identifying  the  "edge",  especially 
for  deteriorated  pavements,  since  the  edge  deflection  is  defined 
as  that  at  a  distance  of  2'  from  the  edge.   Therefore,  it  is  pro- 
posed that  these  factors  be  replaced  by  appropriate  tolerance 
intervals  in  order  to  handle  the  above  mentioned  human  and  system 
uncertainties  involved  in  the  edge-center  deflection  correlation. 

Do  you  agree  with  this  idea? 

If  so,  what  tolerances  should  be  attached  to  the  above  fac- 
tors?  Please  indicate  your  answer  as  a  percentage  of  the  factor, 
in  the  following  table.   [Ex:   If  you  think  it  is  appropriate  to 
use  a  factor  of  2.0  for  the  ratio  of  edge  deflection/center 
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deflection  for  flexible  pavements,  and  when  the  above  mentioned 
uncertainties  are  taken  into  account,  if,  in  your  opinion,  this 
factor  could  be  any  value  between  1.5  and  2.5  the  required  toler- 
ance for  flexible  pavements  is  ±  25%.] 

Pavement  Type  Tolerance  (%) 

Asphalt 
Overlay 
CRCP 
JRCP 

3.   In  Indiana,  deflections  measured  during  the  spring  thaw 
period  are  found  to  be  the  most  critical  for  overlay  design  pur- 
poses.  But  in  practice  it  is  difficult  to  scan  all  the 
deteriorated  pavement  sections  with  the  dynaflect  within  this 
short  period.  Thus,  deflections  are  usually  measured  during  Fall 
and  later  converted  to  the  corresponding  spring  deflections. 
What  factors  would  you  suggest  using  for  this  conversion?   Please 
indicate  your  answer  corresponding  to  each  pavement  type. 

Pavement  Type  Spring  def . /center  def 

Asphalt 
Overlay 
CRCP 
JRCP 
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These  factors  are  presently  obtained  by  statistical  correla- 
tion procedures.   But  it  is  seen  that  for  some  pavement  types  the 
correlation  coefficients  are  relatively  low  (i.e.,  in  the  order 
of  0.2,  etc.).  This  scatter  of  data  imparts  imprecision  on  the 
factors  so  derived.   Therefore,  it  seems  more  appropriate  to 
replace  these  factors  by  suitable  tolerance  intervals. 

Do  you  agree  with  this  idea? 

If  so,  in  your  opinion  what  tolerances  should  be  attached  to 
the  above  factors  to  make  them  more  representative  of  the  possi- 
ble values.   Please  indicate  your  answer  as  a  %  of  the  factor  in 
the  following  table.   [Ex:   If  it  is  appropriate  to  use  a  factor 
of  1.5  for  the  ratio  of  spring  deflection/fall  deflection  for 
asphalt  pavements,  and  when  the  above  mentioned  imprecision 
inherent  in  deriving  these  factors  is  taken  into  account,  if, 
according  to  your  judgment,  this  factor  could  be  any  value 
between  1.35  and  1.65  the  required  tolerance  for  asphalt  pave- 
ments is  ±  10%.] 

Pavement  Type  Tolerance  (%) 

Asphalt 
Overlay 
CRCP 
JRCP 
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Questionnaire  No.  5 

We  have  previously  sent  four  questionnaires  which  dealt  with 
various  stages  of  our  research  on  application  of  fuzzy  sets 
mathematics  in  pavement  evaluation.   They  addressed  such  areas  as 
subjectivity  involved  in  pavement  serviceability  rating,  accept- 
able serviceability  and  variability  associated  with  roadmeter, 
skid-tester  and  dynaflect. 

Once  pavements  are  screened  for  serviceability  (roughness) 
at  the  network  level,  skid-testing  is  scheduled  for  those  pave- 
ments with  acceptable  roughness.   On  the  other  hand,  unacceptably 
rough  pavements  are  subjected  to  deflection  testing  for  struc- 
tural adequacy.   The  next  stage  is  to  investigate  the  distress 
condition  of  the  pavements  which  fall  into  the  latter  category. 

Indiana  Department  of  Highways  is  currently  setting  out  a 
procedure  to  be  adopted  in  distress  surveys.   A  crew  is  to  care- 
fully examine  and  roughly  estimate  the  extent  and  severity  of 
different  pavement  defects  in  a  selected  length  of  a  section  at  a 
designated  mile  post.   Separate  instruction  sheets  have  been 
prepared  for  flexible  and  rigid  pavement  types  to  aid  the  crew  in 
assigning  ratings.   The  combined  rating  is  known  as  the  pavement 
condition  rating  (PCR).   However,  human  based  uncertainty  enters 
the  PCR  by  way  of  imprecision  of  measurements  and  subjective 
judgments.   The  purpose  of  this  questionnaire  is  to  seek  your 
expertise  in  judgment  type  responses,  on  the  magnitude  of  the 


236 

above  mentioned  uncertainties  for  various  kinds  of  distresses, 
and  the  acceptable  level  of  distress  for  different  types  of  pave- 
ments. 

1.  Pavements  which  satisfy  roughness  and  skid  criteria  will 
be  ranked  in  the  future  rehabilitation  priority  list.   Since 
these  pavements  also  can  exhibit  some  distress,  it  will  be 
worthwhile  to  conduct  distress  surveys  on  them  too.   This  cer- 
tainly will  provide  an  additional  criterion  for  their  ranking. 

Do  you  agree  with  this  idea? 

2.  Pavement  distress  inspection  crew  will  rate  the  sections 
for  different  defects,  on  different  scales.   These  ratings  are 
finally  added  up  and  subtracted  from  the  maximum  rating  of  100, 
to  obtain  the  pavement  condition  rating  (PCR).   Thus,  a  PCR  for 
any  pavement  can  be  any  value  between  0  and  100,  with  100  being 
that  for  a  "def ectless"  pavement. 

If  we  were  to  categorize  pavements  into  two  classes:   those 
with  acceptable  distress  and  others  with  unacceptable  distress,  a 
terminal  (or  acceptable)  PCR  has  to  be  defined.   In  your  opinion 
what  such  acceptable  PCR  is  suitable  for  this  classification? 
Please  indicate  this  value  for  both  the  pavement  types  and  facil- 
ities, in  the  following  table. 
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facility 
type  Primary        Secondary 

flexible 
rigid 

3.  The  extent  of  certain  types  of  defects  are  determined  by  the 
percentage  of  area  in  a  200  foot  section,  denoting  the  defect. 
Alligator  cracks,  block  cracking,  shoving  and  patches  are  such 
defects  for  flexible  pavements  while  D-cracking,  patching  and 
pavement  break-up  correspond  to  rough  pavements.   Since  the  area 
determination  is  not  precise,  a  'margin  of  error'  is  introduced 
in  the  rating.   For  example,  when  a  crew  rates  alligator  cracking 
its  support  may  spread  over  a  range  between  4.5  and  5.5  due  to 
the  uncertainty  in  the  area  determination,  although  it  may  assign 
a  value  of  5.0.   Thus,  the  margin  of  error  is  ±  0.5. 

Do  you  agree  with  this  idea? 

If  so,  according  to  your  judgment,  what  such  margins  would 
you  assign  for  the  following  defect  types? 
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Type 


Scale   Margin  of  Error 
(±) 


alligator  cracks  0-10 

Flexible   block  cracking  0-5 

shoving  0-10 

patching  0-10 

D-c racking  0-10 

Rigid      patching  0-10 

pavement  break-up  0.10 


4.  According  to  the  rating  instructions,  most  defects  are 
to  be  rated  in  proportion  to  their  severity.   All  forms  of  crack- 
ing, patching  in  all  types  of  pavements  and  pavement  slab  break- 
up in  rigid  pavements  fall  into  this  category.   Although  in  the 
case  of  cracks,  the  severity  is  determined  by  the  crack  width, 
assignment  of  a  'higher'  rating  for  'severe'  conditions  is  purely 
subjective.  Due  to  this  reason,  attaching  a  suitable  interval 
for  a  rating  may  be  appropriate  to  look  after  the 
vagueness  introduced  by  severity. 

As  an  example,  assume  that  crew  members  rate  a  section  as 
2.3  for  transverse  cracking  considering  the  extent  only.  Then, 
once  they  observe  that  the  crack  is  severe  (width  being  greater 
than  1/4")  they  are  compelled  to  go  for  a  higher  rating.   They 
might  consider  a  range  between  3.0  and  3.5  before  deciding  on 


239 


3.25,  to  which  they  give  the  highest  support.   In  this  case  the 
above  mentioned  interval  is  defined  by  ±  0.25. 

Do  you  agree  with  this  idea? 

If  so,  in  your  opinion,  what  such  intervals  should  be 
attached  for  the  following  defects? 


Type 


Scale   Interval  (±  x) 


transverse  cracks      0-5 

Flexible   longitudinal  cracks    0-5 

patching  1-10 


pavement  break-up  0-10 

patching  0-10 

Rigid      transverse  cracks  0-10 

longitudinal  cracks  1-10 

D-cra eking  0-10 
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Questionnaire  No.  b_   (  i_) 

This  is  the  sixth  one  in  a  series  of  questionnaires  being 
forwarded  to  highway  enginers  to  obtain  their  expertise  on  a 
number  of  subjective  areas  in  pavement  management.  Our  previous 
questionnaires  addressed  areas  such  as  pavement  serviceability 
rating,  acceptable  serviceability  and  variability  associated  with 
roadmeter,  skid-tester  and  dynaflect. 

At  present,  in  the  state  of  Indiana  four  kinds  of  perfor- 
mance data  are  collected  at  the  highway  network  level.   At  first, 
all  the  pavements  are  scanned  with  the  roadmeter.  Then  skid 
tests  are  conducted  for  pavements  with  acceptable  roughness, 
while  dynaflect  and  distress  surveys  are  carried  out  on  the  oth- 
ers.  Using  these  measurements,  decisions  have  to  be  made  con- 
cerning priorities  for  maintenance  or  rehabilitation. 

In  Indiana,  as  in  many  other  states,  three  primary 
categories  of  pavements  are  identified.   The  first  category  has 
those  pavements  which  present  traffic  hazards  due  to  inadequate 
skid  resistance,  while  pavements  with  unacceptable  roughness  con- 
stitutes the  second  category.   The  third  and  the  final  category 
contains  the  ones  with  acceptable  skid-resistance  and  roughness. 

Immediate  attention  is  given  to  the  first  category  whereas 
pavements  in  the  second  category  are  prepared  for  maintenance 
during  the  current  year  considering  a  fixed  budget.   Pavement 
sections  that  belong  to  the  third  category  are  prioritized  for 
future  rehabilitation,  using  remaining  service  life.   As  it  is 
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practiced  in  most  states  (including  Indiana  to  a  certain  extent), 
current  priority  lists  (for  categories  1  and  2)  are  prepared 
using  applicable  performace  parameters  (roughness,  structural 
adequacy,  skid-resistance  and  distress  data)  and  traffic  data. 
Since  the  basis  for  prioritization  for  category  3  is  different, 
it  will  not  be  discussed  here,  any  further. 

It  is  understood  that  decisions  regarding  relative  priority 
levels  becomes  subjective  and  complex  if  all  the  relevant  parame- 
ters are  considered.  In  order  to  avoid  this,  highway  experts  can 
be  made  to  respond  to  less  complicated  questions.  Then  these 
responses  can  be  methodically  combined  using  fuzzy  decision  tech- 
niques in  arriving  at  a  rank  for  each  pavement  section.  Thus,  in 
this  questionnaire  we  seek  subjective  responses  from  you  for  sim- 
ple questions  regarding  priority  levels  for  the  first  category. 

(1)  We  know  that  friction  and  traffic  data  play  a  prime 
role  in  determining  maintenance  priorities  for  the  above 
described  first  category  of  pavements.   In  your  opinion  are  these 
two  types  of  data  adequate  for  this  purpose? 

If  the  answer  is  *No',  please  Indicate  any  other  type  of 
data  which  you  think  is  required. 

(2)  If  we  assume  that  priorities  can  be  numerically 
represented  by  values  on  a  scale  of  1  -  10  which  is  adopted  by 
the  Indiana  Department  of  Highways,  each  combination  of  <FN,  ADT> 
will  determine  a  value  on  that  scale.   This  value  results  from 


242 


subjective  judgment  of  highway  maintenance  decision  makers. 

For  example  if  we  assign  a  range  of  values  of  9.1  -  9.5  as 
the  priority  for  the  combination  <FN  ■  20,  ADT  =  8000>,  then  the 
priority  range  for  the  case  of  <FN  =  30,  ADT  =  6000>  could  be 
about  8.0  -  8.5,  which  is  less  than  the  above. 

In  the  table  below,  as  few  such  combinations  of  attribute 
values  are  provided.   In  the  appropriate  places  please  indicate 
priority  value  ranges  (in  a  scale  of  1  -  10)  which  you  think  will 
best  describe  the  maintenance  urgency  of  a  pavement  that  has  such 
attribute  values. 

FN 

10   20   30   40 
ADT 

1000 

6000 

10000 
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Questionnaire  No.  6^  (11) 

This  is  the  sixth  one  in  a  series  of  questionnaires  being 
forwarded  to  highway  enginers  to  obtain  their  expertise  on  a 
number  of  subjective  areas  in  pavement  management.   Our  previous 
questionnaires  addressed  areas  such  as  pavement  serviceability 
rating,  acceptable  serviceability  and  variability  associated  with 
roadmeter,  skid-tester  and  dynaflect. 

At  present,  in  the  state  of  Indiana  four  kinds  of  perfor- 
mance data  are  collected  at  the  highway  network  level.   At  first, 
all  the  pavements  are  scanned  with  the  roadmeter.   Then  skid 
tests  are  conducted  for  pavements  with  acceptable  roughness, 
while  dynaflect  and  distress  surveys  are  carried  out  on  the  oth- 
ers.  Using  these  measurements,  decisions  have  to  be  made  con- 
cerning priorities  for  maintenance  or  rehabilitation. 

In  Indiana,  as  in  many  other  states,  three  primary 
categories  of  pavements  are  identified.  The  first  category  has 
those  pavements  which  present  traffic  hazards  due  to  inadequate 
skid  resistance,  while  pavements  with  unacceptable  roughness  con- 
stitutes the  second  category.   The  third  and  the  final  category 
contains  the  ones  with  acceptable  skid-resistance  and  roughness. 

Immediate  attention  is  given  to  the  first  category  whereas 
pavements  in  the  second  category  are  prepared  for  maintenance 
during  the  current  year  considering  a  fixed  budget.   Pavement 
sections  that  belong  to  the  third  category  are  prioritized  for 
future  rehabilitation,  using  remaining  service  life.   As  it  is 
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practiced  in  most  states  (including  Indiana  to  a  certain  extent), 
current  priority  lists  (for  categories  1  and  2)  are  prepared 
using  applicable  performace  parameters  (roughness,  structural 
adequacy,  skid-resistance  and  distress  data)  and  traffic  data. 
Since  the  basis  for  prioritization  for  category  3  is  different, 
it  will  not  be  discussed  here,  any  further. 

It  is  understood  that  decisions  regarding  relative  priority 
levels  becomes  subjective  and  complex  if  all  the  relevant  parame- 
ters are  considered.  In  order  to  avoid  this,  highway  experts  can 
be  made  to  respond  to  less  complicated  questions.  Then  these 
responses  can  be  methodically  combined  using  fuzzy  decision  tech- 
niques in  arriving  at  a  rank  for  each  pavement  section.  Thus,  in 
this  questionnaire  we  seek  subjective  responses  from  you  for  sim- 
ple questions  regarding  priority  levels  for  the  second  category. 

(1)   Once  pavements  have  been  categorized  according  to  their 
PSI  (roughness)  and  friction,  we  propose  that  the  pavements  in 
second  category  (with  unacceptable  PSI)  be  prioritized  using  the 
results  of  their  distress,  dynaflect  and  traffic  surveys.   In 
other  words,  prioritization  of  second  category  of  pavements  can 
be  done  with  values  of  PCR,  deflections,  and  ADT,  available. 

Do  you  agree  with  this  idea? 

:  your  answer  is  >es'  please  proceed  to  question  No.  2. 

If  your  answer  is  'no',  what  other  parameters  are  necessary  in 
your  opinion  for  the  prioritization  of  the  second  category  of 

pavements  ? 
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(2)   If  we  assume  that  priorities  can  be  numerically 
represented  by  values  on  the  scale  of  1  -  10,  as  adopted  by  the 
IDOH  presently,  each  combination  of  <PCR,  ADT,  deflection>  will 
determine  a  value  on  that  scale.   This  value  results  from  subjec- 
tive judgment  of  highway  maintenance  decision  makers. 

For  example,  if  we  assign  a  range  of  values  of  9.0  -  9.5  for 
the  combination  <PCR  =  10.0,  ADT  =  8000  and  def.  =  1.1  mils>, 
then  a  possible  priority  value  range  for  the  combination  <PCR  = 
25.0,  ADT  =  6000  and  def.  =  1.1  mils>  could  be  7.5  -  8.0. 

In  the  tables  below,  we  provide  a  few  such  combinations  of 
attribute  values.   In  the  appropriate  places  please  indicate  a 
priority  value  range  (in  a  scale  of  1  -  10)  which  you  think  will 
best  describe  the  maintenance  urgency  of  a  pavement  that  has  such 
attribute  values. 
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ADT  =  3000 

PCR 
def.          10   25 
(rails) 

50 

70 

1.0 

2.0 

ADT  =   6000 


PCR 
def. 
(mils) 

L5 

30 

65 

75 

1.25 
2.25 

ADT  =  10000 

PCR 
def.          20    35 
mils) 

45 

60 

1.5 

2.5 
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Questionnaire  No.  7_ 

This  Is  the  seventh  in  a  series  of  questionnaires  sent  to 
highway  experts  to  seek  their  opinion  on  certain  areas  of  pave- 
ment management  that  involves  human  based  uncertainty.   Four 
kinds  of  data  are  collected  to  determine  performance  of  highway 
pavements  in  Indiana,  namely  roughness,  skid-resistance,  distress 
and  deflection  data.   Decisions  concerning  priorities  for  mainte- 
nance are  made  based  on  these  data  as  well  as  subjective  judgment 
of  highway  engineers. 

In  Indiana,  as  in  many  other  states,  three  categories  of 
pavements  are  identified  for  maintenance  at  different  stages. 
The  first  category  has  those  pavements  which  present  traffic 
hazards  due  to  inadequate  skid  resistance,  while  pavements  with 
unacceptable  roughness  constitutes  the  second  category.  All  the 
pavement  sections  falling  under  the  above  categories  need  immedi- 
ate attention  and  are  dealt  with  accordingly.   The  two  preceding 
questionnaires  addressed  sub jectiveness  associated  with  prioriti- 
zation of  this  kind  of  pavements. 

The  third  and  the  final  category  contains  the  ones  with 
acceptable  skid-resistance  as  well  as  roughness.   In  this  ques- 
tionnaire we  are  concerned  with  the  subjectivity  involved  in  the 
prioritization  of  these,  still  serviceable  pavements,  for  future 
rehabilitation. 

(1)   The  Pavement  Management  Task  Force  of  the  Indiana 
Department  of  Highways  has  proposed  collecting  condition  data  on 
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all  pavement  sections;  Instead  of  only  on  unacceptably  rough  sec- 
tions, as  one  of  its  short  term  objectives.   This  will  provide 
yet  another  criterion  for  prioritization  of  the  third  category  of 
pavements . 

Do  you  agree  with  this  idea? 

(2)  Many  variables  have  to  be  considered  in  ranking  pave- 
ment sections  for  future  maintenance.   The  most  important  ones 
are  remaining  PSI  and  friction  lives  and  ADT  of  the  section. 
Since  ADT  is  the  prime  factor  governing  both  types  of  service 
lives,  once  we  consider  the  service  lives  as  two  pertinent  attri- 
butes, inclusion  of  ADT  seems  redundant.   Therefore,  we  suggest 
that  prioritization  of  pavements  in  Category  3  can  be  done  using 
only  the  service  lives  as  attributes. 

Do  you  agree  with  this  idea? 

(3)  We  know  that  prioritization  of  highway  pavements  for 
future  rehabilitation  involves  multi-attribute  decisions,  i.e., 
assigned  rankings  depend  on  the  remaining  PSI  life  and  remaining 
friction  life  of  the  particular  pavement.   Thus,  if  we  assume 
that  priorities  can  be  represented  numericaly  by  the  scale  1  - 
10,  each  2-tuple  <PSI  life,  FN  life>  will  determine  a  value  on 
that  scale.  With  the  knowledge  of  the  above  two  parameters  for 
the  section,  a  decision  maker  would  be  able  to  assign  a  ranking 
to  the  section,  using  his  experience. 
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As  an  example,  if  we  assign  a  priority  range  of  values  of 
8.0  -  8.5  for  the  combination 

<PSI  life  -  3.2  yrs,  FN  life  =  2.2  yrs>, 
then  the  combination  of 

<PSI  life  =  2.2  yrs,  FN  life  =  3.2  yrs>, 
would  have  to  be  assigned  a  lower  priority  value,  say  6.8  -  7.0. 

In  the  table  below,  we  provide  a  few  such  combinations  of 
attribute  values.   In  the  appropriate  places,  please  indicate  a 
priority  value  range  (in  a  scale  of  1  -  10),  which  you  think  will 
best  describe  the  future  maintenance  urgency  of  a  pavement  that 
has  such  attribute  values. 


\          PSI 
^\       LIFE 

FN     ^\ 

LIFE         \. 

2.0   4.0   6.0   8.0 

1.0 
3.0 
5.0 
7.0 
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APPENDIX  G.  Results  of  numerical  example 
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Table  H2.  Fuzzy  PSI  and 
acceptability  indices 


pavement  section  no: 


PSI 

membership 

2.100 

0.015 

2.200 

0.318 

2.300 

0.318 

2.400 

0.318 

2.500 

0.768 

2.600 

1.000 

2.700 

0.672 

2.800 

0.414 

2.900 

0.019 

3.000 

0.019 

index        .300 
pavement  section  no: 


PSI 

membership 

2.100 

0.094 

2.200 

0.375 

2.300 

0.769 

2.400 

0.769 

2.500 

0.768 

2.600 

1.000 

2.700 

0.564 

2.800 

0.253 

index        .  231 


pavement  section  no: 


PSI 

membership 

2.100 

0.411 

2.200 

0.411 

2.300 

0.934 

2.400 

1.000 

2.500 

0.758 

2.600 

0.730 

2.700 

0.557 

2.800 

0.045 

index        .066 
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Table  H2.  Fuzzy  PSI  and 
unacceptability  indices 


pavement  section  no:   1 


PSI 

membership 

2.100 

0.015 

2.200 

0.318 

2.300 

0.318 

2.400 

0.318 

2.500 

0.768 

2.600 

1.000 

2.700 

0.672 

2.800 

0.414 

2.900 

0.019 

3.000 

0.019 

index 


.328 


pavement  section  no: 


PSI 

membership 

2.100 

0.094 

2.200 

0.375 

2.300 

0.769 

2.400 

0.769 

2.500 

0.768 

2.600 

1.000 

2.700 

0.564 

2.800 

0.253 

index 


.436 


pavement  section  no: 


PSI 

membership 

2.100 

0.411 

2.200 

0.411 

2.300 

0.934 

2.400 

1.000 

2.500 

0.758 

2.600 

0.730 

2.700 

0.557 

2.800 

0.045 

index 


.443 


Table  H3.  Fuzzified  deflections 
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pavement  section  no.   1 
defltn.(10-4  in.)   membership 


11.000 

10.000 

9.000 

8.000 


0.100 
0.845 
0.845 
0.100 


pavement  section  no.   2 


tn.(10-4  in 

. )   membership 

34.000 

0. 

33.000 

0.100 

32.000 

0.100 

31.000 

0.431 

30.000 

0.845 

29.000 

0.845 

28.000 

1.000 

27.000 

0.845 

26.000 

0.845 

25.000 

0.431 

24.000 

0.100 

23.000 

0.100 

pavement  section  no.   3 


tn.(10-4  in 

. )   membership 

22.000 

0.100 

21.000 

0.431 

20.000 

0.845 

19.000 

1.000 

18.000 

0.845 

17.000 

0.431 

16.000 

0.100 

15.000 

0. 
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Table  H4.  Fuzzy  PCR  values 
pavement  section  no.    1 


PCR 

membership 

43.00 

0.010 

44.00 

0.022 

45.00 

0.062 

46.00 

0.099 

47.00 

0.151 

48.00 

0.239 

49.00 

0.321 

50.00 

0.551 

51.00 

0.729 

52.00 

0.880 

53.00 

0.901 

54.00 

0.901 

55.00 

0.901 

56.00 

0.901 

57.00 

0.880 

58.00 

0.729 

59.00 

0.321 

60.00 

0.321 

61.00 

0.239 

62.00 

0.151 

63.00 

0.099 

64.00 

0.062 

65.00 

0.022 

66.00 

0.010 

pavement  section  no. 


PCR 

membership 

38.00 

0.010 

39.00 

0.049 

40.00 

0.130 

41.00 

0.200 

42.00 

0.257 

43.00 

0.366 

44.00 

0.431 

45.00 

0.605 

46.00 

0.628 

47.00 

0.787 

48.00 

0.901 

49.00 

0.975 

50.00 

1.000 

51.00 

0.975 

52.00 

0.901 

53.00 

0.787 

Table  H4.  (Continued) 


54.00 

0.628 

55.00 

0.605 

56.00 

0.431 

57.00 

0.366 

58.00 

0.257 

59.00 

0.200 

60.00 

0.130 

61.00 

0.049 

62.00 

0.010 

pavement  section  no. 
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PCR 

membership 

20.00 

0.006 

21.00 

0.029 

22.00 

0.062 

23.00 

0.130 

24.00 

0.228 

25.00 

0.321 

26.00 

0.470 

27.00 

0.545 

28.00 

0.545 

29.00 

0.605 

30.00 

0.628 

31.00 

0.729 

32.00 

0.837 

33.00 

0.879 

34.00 

0.879 

35.00 

0.879 

36.00 

0.879 

37.00 

0.879 

38.00 

0.879 

39.00 

0.879 

40.00 

0.837 

41.00 

0.729 

42.00 

0.628 

43.00 

0.605 

44.00 

0.545 

45.00 

0.545 

46.00 

0.470 

47.00 

0.321 

48.00 

0.228 

49.00 

0.130 

50.00 

0.062 

51.00 

0.029 

52.00 

0.006 
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Table  H5.  Relative  priorities 

section  rel.  priority 

1  0.850 

2  0.500 

3  0.160 
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APPENDIX  H.  Computer  programs 
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c      PROGRAM   ROAD 

c      This    program   can    be    used    to    ; 

c  I.    form  a    technical    PSR  out    of    panel    ratings 

c  11.    fuzzify    a    roadmeter    reading 

c  ili.    formulate   a    fuzzy    relationship  -    PSR  Vs.Roadmeter 

c  iv.    compose   an   equivalent    PSR   out    of    a    roadmeter    reading 

implicit    real(a-z) 
c 

dimension  must (50) ,mx(50),mu(55) ,mus( 120) ,accp( 50) 

dimension  mupr(50, 120) ,z( 120)  ,ck(205) 
c 

integer  i,j,k,l,m,n,nn,bl,b2,ll,np,nacc ,nnn 
c 

c   Formation  of  a  fuzzy  technical  PSR  out  of  panel  ratings 
c 

do  15  i=l,50 

do  10  j=l,120 

mupr(i , j)=0.0 

accp( i)=0.0 


L0 

continue 

15 

continue 

c 

read  *,ns,b 

do  2500  11=1, ns 

c 

do  16  1=1,50 

must(l)=0.0 

mx(l)=0.0 

16 

continue 

do  18  1=1,55 

mu(l)=0.0 

18 

continue 

c 

20 


read  *,  ngrp 

do  300  nn=l,ngrp 

read  *,  nsub, alpha 

do  200  n=l,nsub 
read  *,  nurat,w 

do  100  M=l,nurat 
read  *,  p 
bl=10*b 

do  50  i=l,bl 

x=p-(i-l)/10.0 

b2=0.5*bl 

if  ((i-1).  gt.  b2)  go  to  20 

mx(i)=l-2*(((i-l)/10.0/b)**2) 

go  to  30 

mx(i)=2*((((i-l)/10.0-b)/b)**2) 
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30  continue 

c 

j=10.0*x 

k=-10.0*(x+(  I-D/'i. 0) 
c 

mx(i)=w*mx(i) 
if  (j.  It.  0.0)  go  to  40 
if  (mx(i)  .It.  rau(j))  go  to  40 
mu( j)=mx(i) 
c 
40  if  (mx(i).  It.  mu(k))  go  to  50 

mu(k)=rax(i) 
50  continue 

c 

100  continue 

200       continue 
c 

do  280  1=1,50 
mu(l)=mu(l)**alpha 
if  (nn.  gt .  l)go  to  260 
must(l)=mu(l) 
go  to  270 
260       must(l)=must(l)*mu(l) 
270        rau(l)=0.0 
280       continue 
c 

300    continue 
c 

c   normalize  psr  for  combination  with  rr 
c 

maxmust=0.0 
do  400  1=1,50 

if  (maxmust.  gt.  must(l))  go  to  400 
maxmus t=must(l) 
400    continue 
c 

if  (maxmust.  eq .  0.0)  go  to  500 
do  450  1=1,50 
mus  t ( 1 )=mus  t ( 1 ) /maxmus  t 
450    continue 
c 

500    continue 
c 

c   Fuzzif ication  of  the  roadmeter  reading 
c 
c 

do  600  1=1,120 
raus(l)=0.0 
600    continue 
c 


call  meter    (mus,z, ll,ck,rint ) 


c 
c 
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c   Formulation  of  the  PSR-Roadmeter  relationship 

c 

c 

do  2400  i=l,50 

do  2300  j=l ,  120 

if  (must(i).  gt .  mus(j))  go  to  2200 
if  (mupr(i,j).  gt.  must(i))  go  to  2250 
mupr(i, j)=must(i) 
go  to  2250 
2200      if  (raupr(i,j).  gt.  mus(j))  go  to  2250 

mupr(i, j)=mus( j) 
2250      ii=i/10.0 
2300      continue 
c 

2400   continue 
c 

2500   continue 
c 
c 

c   Input  of  acceptable  PSI  range 
c 

read  *,nacc 
c 

do  2700  nnn=l,nacc 

read  *,  i,accp(i) 
2700   continue 
c 
c 

c   Composition 
c 


c 
c 


read  *,np 

do  7000  m=l,np 

write(6,6100)  m 

call  meter(mus ,z, 11, ck, rint ) 


do  3600  n=l,50 
must(n)=0.0 
3600   continue 

do  4450  1=1,50 

do  4400  J=l,120 

if  (mus(j).  gt.  mupr(i.j))  go  to  4200 
if  (must(i).  gt.  mus(j))  go  to  4300 
c 

must(i )=mus( j) 
go  to  4300 
c 

4200       if  (must(i).  gt.  mupr(i,j))  go  to  4300 

must(i)=mupr(i, j) 
4300       continue 
4400       continue 
c 
4450   continue 
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c   normalize  psi  for  comparison 
c 

maxmust -0.0 

do  4800  i=l  ,50 

if  (maxmust.  gt .  must(i))  go  to  4800 

maxmus t =mu s t ( i ) 
4800   continue 
c 
c 

write(6,6300) 


4810 

4850 
4900 
5000 
c 


c 
c 
c 


do  4900  i=l,50 
ii=i/10.0 

if  (maxmust.  eq.  0.0)  go  to  4810 

mus  t ( i )=mus  t ( i ) /maxmus  t 

if  (must(i).  It.  0.001)  go  to  4900 

write(6,4850)  ii,must(i) 

format(f6.3,3x,f6.3) 

continue 

continue 


Calculation  of  the  comparison  index 
truth=l .0 


5500 
c 


6000 
c 

6100 

6200 

6300 

c 

7000 

8000 

c 


c 
c 
c 

c 
c 


do  6000  j=l ,50 

must(j)  =  l. 0-mus  t ( j ) 

if  (must(j).  gt.  accp(j))  go  to  5500 

must( j)=accp( j) 

continue 

if  (truth.  It.  must(j))  go  to  6000 

truth=must( j) 

continue 

write(6,6200)truth 

format(//// , 'pavement  section  no:  ',i3,//) 

format(//,2x,'index',8x,f4.3) 

forraat(2x, 'PSI' ,5x, 'membership' ,/) 

continue 
continue 

stop 
end 


subroutine   meter(mu,z, ll,ck, rint ) 
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c   This  subroutine  is  used  to  fuzzify  the  roadmeter  reading  for 

c      i.  imprecision  of  the  measuring  system. 

c     ii.  variations  in  the  gas  tank  level. 

c    iii .  variations  in  the  vehicle  speed. 

c     iv.  variations  in  driver  characteristics. 

c 

c 

c 

implicit  real(a-z) 

dimension  kl (50) ,k2(200) ,ck(205) ,z( 120) ,y(205) ,mu( 120) 

integer  i , j,k,m,n,ii , j j, kk.il ,kkl ,kk2,itr ,11 
c 

c   Read  the  input  data  :  i.  percent  ranges  of  variation 
c  ii.  number  of  intervals  for  discretization 

c 

if  (11.  gt.  1)  go  to  2200 
c 

itr=l 

read  *,rl,r2,n 

if  (itr.  eq.  l)go  to  20 
10     read  *,rl 

itr=itr+l 
go  to  30 
20     an=n-l 

rint=rl/an 
c 

30     continue 
c 

c   Initialization 
c 

do  200  j= 1,200 

k2(j)=0.0 
200    continue 

do  100  i=l,n 

kl(i)=0.0 
100    continue 
c 

c   Assigning  of  membership  values  to  the  kernels, 
c 

do  500  i=l,50 

rrl=(i-l)*rint 
c 

if  (rl.  ne.  0.0)  go  to  250 

kl(i)=1.0 

go  to  600 
250    if  (rrl.  gt.  rl)  go  to  600 

if  (rrl.  gt.  0.5*rl)go  to  300 

kl(i)=l-2*((rrl/rl)**2) 

go  to  500 
300    kl(i)=2*(((rrl-rl)/rl)**2) 
500    continue 
c 
600    n=i 


263 


if  (itr.  gt.  l)go  to  1100 
c 

do  1000  j=l,50 

rr2=( j-l)*rint 
c 

IE  (r2.  ne.  0.0)  go  to  750 

k2(j)=1.0 

go  to  1200 
750    if  (rr2.  gt.  r2)go  to  1200 

if  (rr2.  gt .  O.5*r2)go  to  800 

k2(j)=l-2*((rr2/r2)**2) 

go  to  1000 
800    k2(j)=2*(((rr2-r2)/r2)**2) 
1000   continue 

go  to  1200 
c 
1100   continue 


c 


do  1150  j=l,200 

if  (ck(j).  It.  0.001)go  to  1200 

k2(j)=ck(j) 


1150 
c 

continue 

c 
1200 

m=j 

c 

do  1250  k=l,200 

ck(k)=0.0 

y(k)=0.0 

1250 

continue 

c 

do  2000  i=l, n 

ii=i-l 

do  1800  j=l,m 

J  j= J— 1 

kk=ii+jj 

k=kk+l 

kl2=kl(i)*k2(j) 

if  (ck(k).  gt.  kl2)  go  t 

ck(k)=kl2 

1300 

continue 

C 

if  (ii.  gt.  jj)go  to  140 

kk=j j-ii 

go  to  1500 

1400 

kk=ii-j j 

1500 

continue 

if  (ck(k).  gt.  kl2)go  to 

ck(k)=kl2 

1800 

continue 

2000 

continue 

c 

1300 


1800 
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if  (ttr.  ne.  3)go  to  10 
c 

2200   continue 
c 

c   Read  input  roadmeter  readings 
c 

read  *,x 
c 

c   find  memberships  of  L  and  R  halfs 
c 
c 

do  2500  k= 1,200 

if  (ck(k).  le.  0.0)go  to  2600 

kkl=2*k-l 

kk2=2*k 

y(kkl)=x+rint*(k-l)*x 

y(kk2)=x-rint*(k-l)*x 
2500   continue 
c 
2600   continue 

kmax=k 

ymax=x+rint*(kmax-l)*x 

ymin=x-rint*(kmax-l)*x 
c 

c   select  standard  scale  of   25  -  3000 
c 

do  2800  11=1,120 

z(il)=0.0 

rau(il)=0.0 
2800    continue 
c 

do  4000  11  =  1 ,  120 

z(il)=3025-il*25.0 

if  (z(il).  gt.  ymax)  go  to  4000 

if  (z(il).  It.  ymin)  go  to  4100 

do  3600  k-=l,kmax 

kkl=2*k-l 

kk2=2*k 

test=rint*x*0.5 

if    (abs(z(il)-y(kkl)).    gt.    test)go   to   3000 

mu(il)=ck(k) 

go  to  4000 
3000   if  (abs(z(il)-y(kk2)).  gt .  test)go  to  3600 

mu(il)=ck(k) 

go  to  4000 
3600   continue 
4000   continue 
4100   continue 


c 


return 
end 
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c   PROGRAM  SKID 

c   This  program  is  used  to  : 

c      i.  fuzzify  the  friction  number  for  variations  in  temperature 

c         and  rainfall. 

c      Li.  fuzzify  the  friction  number  for  vehicle  speed  variations. 

c 

c 

c 

implicit  real(a-z) 

dimension  kl(50) ,k2(50) ,ck(205) ,z(  105) ,y(205) ,mu( 105) 

integer  i,j,k,l,m,n,ii,jj,kk,nn,il,kkl ,kk2 
c 

c   Read  the  input  data  :  i.  number  of  data  sets 
c  ii.  percent  ranges  of  variation 

c  iii.  number  of  intervals  for  discretization 

c 

c  (Note:  if  one  variation  is  zero  use  the  other 

c  as  rl) 

c 

read  *,nn 

read  *,rl,r2,n 

an=n-l 

rint=ri/an 


c 

c   Initialization 

c 

do  100  i=l,n 

kl(i)=0.0 

100 

continue 

c 

do  200  k= 1,200 

ck(k)=0.0 

y(k)=0.0 

200 

continue 

c 

do  250  i 1=1, 100 

z(il)=0.0 

mu(il)=0.0 

250 

continue 

c 

c   Assigning  of  membership  values  to  the  kernels. 

c 

do  500  i=l,n 

rrl=(i-l)*rint 
c 

if  (rl.  ne.  0.0)  go  to  280 

kl(i)=1.0 

go  to  600 
280    if  (rrl.  gt .  0.5*rl)go  to  300 

kl(i)=l-2*((rrl/rl)**2) 

go  to  500 
300    kl(i)=2*(((rrl-rl)/rl)**2) 
500    continue 
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600    continue 
c 

do  1000  j=l,50 

rr2=(  j-l)*rlnt 
c 

if  (r2.  ne.  0.0)  go  to  750 

k2(j)=1.0 

go  to  1100 
750    if  (rr2.  gt.  r2)go  to  1100 

if  (rr2.  gt.  0.5*r2)go  to  800 

k2(j)=l-2*((rr2/r2)**2) 

go  to  1000 
800    k2(j)=2*(((rr2-r2)/r2)**2) 
1000   continue 
c 
1100   m=j 

do  2000  1=1, n 

ii=i-l 

do  1800  j=l,m 

J j= J— 1 

kk=ii+jj 

k=kk+l 

kl2=kl(i)*k2(j) 

if  (ck(k).  gt.  kl2)  go  to  1300 

ck(k)=kl2 
1300   continue 
c 

if  (ii.  gt.  jj)go  to  1400 

kk=jj-ii 

go  to  1500 
1400   kk=ii-jj 
1500   continue 

if  (ck(k).  gt.  kl2)go  to  1800 

ck(k)=kl2 
1800   continue 
2000   continue 
c 

c   Read  input  friction  numbers 
c 

do  5000  1=1, nn 
c 

do  2200  11=1,100 

mu(il)=0.0 
2200   continue 
c 

read  *,x 
c 

c      Fuzzify    the    reading  with   composite  kernel 
c     and   obtain  L  and  R   components, 
c 

do    2500   k= 1,200 

if    (ck(k).    le.   0.0)go   to   2600 
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kkl=2*k-l 

kk2=2*k 

y(kkl )=x+rint*(k-l )*x 

y(kk2)=x-rint*(k-l)*x 
2500   continue 
c 
2600   continue 

kraax=k 

ymax=x+rint*(kmax-l )*x 

ymin=x-rint*(kmax-l )*x 
c 

c   Form  a  friction  scale  of  1-100  with  intervals  of  1.0 
c 

do  4000  11=1,100 

z(il)=101-il 

if  (z(il).  gt.  ymax)  go  to  4000 

if  (z(il).  It.  ymin)  go  to  4100 

do  3600  k=l,kmax 

kkl=2*k-l 

kk2=2*k 

test=rint*x*0.5 

if  (abs(z(il)-y(kkl)).  gt .  test)go  to  3000 

mu(il)=ck(k) 

go  to  4000 
3000    if  (abs(z(il)-y(kk2)).  gt .  test)go  to  3600 

mu(il)=ck(k) 

go  to  4000 
3600   continue 
4000   continue 
4100   continue 
c 

c   Write  fuzzified  friction  number 
c 

write(6,7500)  1 

write(6,7000) 

do  4500  il=l,100 

z(il)=101-il 

if  (mu(il).  It.  0.01)go  to  4500 

write(6,8000)  z(il),mu(il) 
4500   continue 
c 

5000   continue 
c 
c 

7000    format (4x, 'FN' ,7x, 'membership' , /) 
7500    format(// , 'pavement  section  no  :',i3,//) 
8000    format(2x,f6.3,7x,f6.3) 


c 
c 


stop 
end 
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c   PROGRAM  DEF 

c   This  program  can  be  used  to  : 

c.  t.  fuzzlfy  deflections  for  dynaflect  Imprecision. 

c  11.  convert  center  deflections  to  edge  deflections  using 

c  fuzzy  factors. 

c  Hi.  convert  fall  deflections  to  spring  deflections  using 

c  fuzzy  factors. 

c 

Implicit  real(a-z) 

dimension  x(50),kd(50) ,rrfd( 100) 

dimension  must( 105) ,mus(50) ,z( 105) 

Integer  i, j,k,n,nn, jl , j2,itr, 11 
c 

c   input  of  the  number  of  deflections  and  discretization  intervals, 
c 

read  *,nn,n 
c 

c   Input  of  ranges  of  fuzzif icatlon  and  fuzzy  factors 
c 

read  *,rl ,f 1 ,f 2 ,rf 1 ,rf 2 
c 

an=n-l 
c 

do  10  11=1,100 

must(il)=0.0 
10     continue 
c 
c 

do  5000  i=l,nn 

wrlte(6,8000)  i 

r=rl 

int=r/an 

itr=l 
c 

c   input  of  deflection  reading 
c 

read  *,def 
c 

c      fuzzify    reading   for    imprecision 
c 

do    100    j=l,n 

xx=( j-l)*int 

jl=2*j-l 

j2=2*j 

x(jl)=def+xx*def 

x(  j2)=def-xx*def 
c 

if    (xx.    gt.    0.5*r)    go    to    50 

kd(j)=l-2*((xx/r)**2) 
go   to    100 
50  kd(j)=2*(((xx-r)/r)**2) 

100  continue 

c 
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c   setting  for  multiplication  by  fl 
c 

rf=rf 1 

f  =  fl 

if  (itr.  eq.  1 )go  to  400 
c 

c   setting  for  multiplication  by  f2 
c 
200     continue 

itr=itr+l 

f=f2 

rf=rf2 
400     continue 
c 

c   fuzzy  multiplication 
c 

fmin=f-rf*f 

fmax=f+rf *f 
c 

fd=f*def 

rfd=(f+rf*f)*(def+r*def ) 

rr=(rfd-fd)/fd 

int=rr/an 
c 

do  2000  k=l,n 

mus(k)=0.00 

rrfd(k)=fd+int*fd*(k-l) 
c 

do  1500  j=l,n 
c 

jl=2*j-l 

j2=2*j 

cf=rrfd(k)/x(jl) 

ccf=rrfd(k)/x( j2) 
c 

c   obtain  memberships  of  the  right  half 
c 

if  (cf.  It.  fmin)go  to  700 

if  (cf.  gt.  fmax)go  to  700 

test=abs(cf-f ) 

if  (test.  gt.  0.5*rf*f)go  to  600 

rauf 1=1-2* ((test/rf/f )**2) 

go    to   800 
600  mufl=2*(((test-rf*f )/rf/f)**2) 

c7 

go  to  800 
700     mufl=0.0 
800     continue 
c 

c   obtain  memberships  of  the  left  half 
c 

if  (ccf.  It.  fmin)go  to  907 

if  (ccf.  gt.  fmax)go  to  907 
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test=abs(ccf-f ) 

if  (test.  gt.  0.5*rf*f)go  to  900 
muf 2=1-2* ((test/rf/f )**2) 

go  to  905 
900     muf2=2*(((test-rf*f )/rf/f )**2) 

go  to  905 
907     muf2=0.0 
c 

905     continue 
c 

if  (mufl.  gt.  muf2)  go  to  910 

muf=muf 2 

go  to  920 
910     muf=raufl 
920     continue 
c 

if  (kd(j).  ge.  muf)  go  to  1300 

mu=kd( j) 

go  to  1350   ' 
1300    mu=muf 
1350    continue 
c 

if  (mus(k).  gt.  mu)go  to  1400 

mu  s  (  k  )  =mu 
1400    continue 
c 

1500    continue 
c 

2000    continue 
c 

if  (itr.  eq.  2)go  to  3000 
c 

c   set  initial  conditions  for  second  multiplication 
c 

def=fd 

r=rr 
c 

do  2500  j=l,n 

jl=2*j-l 

j2=2*j 

x(jl)=rrfd(j) 

x(j2)=2*fd-rrfd(j) 

kd(j)=mus( j) 
2500    continue 
c 

go  to  200 
c 

3000    continue 
c 

write(6,7000) 
c  -4 

c   bring  deflection  values  to  a  common  base  of  1-100  (in.x  10    ) 
c 
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3200 


3600 
3700 
c 

4000 

c 

4100 

c 

5000 

c 

6000 

7000 

8000 


do  4000  11=1,100 
rrmax=rf d 
L-rmin=2*f  d-rfd 

z(il)=101-il 

if  (z(il).  gt.  rrraax)go  to  4000 

if  (z('il).  It.  rrrain)go  to  4100 

do  3600  k=l,n 

a=rrfd(k) 

b=2*fd-rrfd(k) 


test)go  to  3200 
test)go  to  3600 


test=  int*fd*0.5 

if  (abs(z(il)-a).  gt , 

must(il)=raus(k) 

go  to  3700 

if  (abs(z(il)-b).  gt , 

must(il)=mus(k) 

go  to  37  00 

continue 

continue 


write(6,6000)z(il),must(il) 
continue 

continue 

continue 

format(2x,f8.3,12x,f6.3) 

format( 'def ltn.( 10-4  in.)  '  ,3x, 'membership' ,/ ) 
format(/// , 'pavement  section  no.',i3,//) 
stop 
end 
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PROGRAM  UIST 

This  program  is  used  to  : 

I.  fuzzlfy  relevant  distress  ratings  for  Imprecision 
associated  with  the  extent  measurement, 
ii.  fuzzlfy  relevant  distress  ratings  for  the  subjectivity 
involved  in  severity  determination, 
iii.  manipulate  a  fuzzy  PCR  for  each  pavement  section. 

PCR  =  100  -  sum  (  distress  ratings  ) 
(*  Memberships  of  supports  exceeding  100.0  are  truncated.) 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

implicit  real(a-z) 

dimension  rl(  13)  ,r2(  13)  ,kl(  50)  ,k2(50)  ,y(205)  ,zl(  105) 
dimension  ck(205, 13),z( 105 , 13) ,mu(105, 13) ,raus(105 , 13) 
integer  i,j,k,l,m,n,ii,jj,kkl ,kk2 , j j j ,il ,nd,np,icount 

Read  the  number  of  distress  types  and  number  of  intervals 

read  *,nd,n 
an=n-l 

Read  the  ranges  of  imprecision  and  subjectivity 

(Note:  1.  if  distress  type  has  neither  imprecision 
nor  subjectivity  use  zeros. 
2.  if  distress  type  has  only  one  of  the  above 
treat  it  as  rl. 

do  100  i=l,nd 

read  *,  rl  (  i ) , r2(i ) 
100     continue 
c 

c   Initialization 
c 

do  150  j=l,n 

kl(j)=0.0 

continue 


c 
c 
c 


c 
c 
c 
c 

c 
c 

c 


150 
c 


180 
200 
c 


250 
300 
c 


do  200  k= 1,200 

y(k)=0.0 

do  180  j=l,nd 

ck(k,j)=0.0 

continue 

continue 

do  300  i 1  =  1, 100 

zl(il)=0.0 

do  250  j=l,nd 

z(il,j)=0.0 

continue 

continue 
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c      Assigning  of    membership    values    to    the  kernels, 
c 

do    2200    j=l,nd 

int=rl( j)/an 

do    500    i=l,n 

rrl=(i-l)*Lnt 

if    (rl(j).    ne.    0.0)go    to    350 

kl(i)=1.0 

go    to   600 
350  if    (rrl.    gt .    0.5*rl(j))go    to   400 

kl(i)=l-2*((rrl/rl( j))**2) 

go  to  500 
400    kl(i)=2*(((rrl-rl(j))/rl(j))**2) 
500    continue 
c 
600    continue 

do  1000  jj=l,50 

rr2=( jj-l)*int 

if  (r2(j).  ne.  0.0)go  to  750 

k2(jj)=1.0 

go  to  1100 
750    if  (rr2.  gt .  r2(j))go  to  1100 

if  (rr2.  gt.  0.5*r2(j))go  to  800 

k2(j.i)=l-2*((rr2/r2(j))**2) 

go  to  1000 
800    k2(jj)=2*(((rr2-r2(j))/r2(j))**2) 
1000   continue 
c 
1100   m=jj 

do  2000  i=l,n 

ii=i-l 

do  1800  jj=l,m 

kk=ii+jjj 

k=kk+l 

kl2=kl(i)*k2(jj) 

if  (ck(k,j).  gt.  kl2)  go  to  1300 

ck(k, j)=k!2 
1300   continue 
c 

if  (ii.  gt.  jjj)go  to  1400 

kk=jjj-ii 

go  to  1500 
1400   kk=ii-jjj 
1500   continue 

if  (ck(k,j).  gt.  kl2)go  to  1800 

ck(k, j)=kl2 
1800   continue 
2000   continue 
2200   continue 
c 

icount=0 
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c   Read  the  number  of  pavement  sections 
c 


2300 
c 


2350 
2400 
c 


2500 

c 

2600 


read  *,n|> 
cunt  i  nue 

do  2400  il=l , 100 
do  2350  j=l,nd 
mu(il , j)=0.0 
mus( il , j)=0.0 
continue 
continue 

icount=icount+l 

wr it e( 6,8000 )i count 

do  5000  j=l,nd 
read  *,x 

do  2500  k= 1,200 

if  (ck(k,j).  le.  0.0)go  to  2600 

kkl=2*k-l 

kk2=2*k 

y(kkl)=x+int*(k-l)*x 

y(kk2)=x-int*(k-l)*x 

continue 

continue 
kmax=k 

ymax=x+int*(kmax-l  )*x 
ymin=x-int*(kmax-l )*x 


3000 


3600 
4000 
4100 

c 


ymax)go  to  4000 
ymin)go  to  4100 


do  4000  11=1,101 

z(il,j)=101-il 

if  (z(il,j).  gt. 

if  (z(il,j).  It. 

do  3600  k=l,kmax 

kkl=2*k-l 

kk2=2*k 

test=int*x*0.5 

if  (abs(z(il,j)-y(kkl)) 

mu(il, j)=ck(k, j) 

go  to  4000 

if  (abs(z(il,j)-y(kk2)).  gt 

mu(il, j)=ck(k,j) 

go  to  4000 

continue 

continue 

continue 

do  4500  1-1,101 

zl(i)=101-i 

do  4400  k=l , 101 


gt.  test)go  to  3000 


test)go  to  3600 
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4150 


if  (mu(k,j).  It.  0.001)go  to  4400 

if  (j.  gt.  l)go  to  4150 

mus(k, j)=mu(k, j) 

go  to  4400 

diff=zl(i)-z(k, j) 

if  (diff.  It.  0.0)go  to  4400 


4200 
4210 

4250 

4300 
4400 

4500 
4600 
c 
5000 

r 


6000 
c 

c 

7000 
7500 
8000 
c 


do   4300   1=1,101 
zp=101-l 

j j= j— 1 

if    (mus(l.jj).    It.    O.OODgo    to   4300 

if    (diff.    ne.    zp)go   to   4300 

if  (mu(k,j).  gt .  mus(l , j j))go  to  4200 

mup=mu(k, j) 

go  to  4210 

mup=mus(l ,  j  j  ) 

if  (mus(i,j).  gt .  raup)go  to  4250 

raus(i , j)=mup 

continue 

go  to  4400 

continue 

continue 

if  (j.  eq.  l)go  to  4600 

continue 

continue 

continue 

write  (6,7000) 
do  6000  i=l ,  101 
zl(i)=i-l 

if  (mus(i.nd).  It.  0.001)go  to  6000 
write(6,7  500)zl(i),mus(i,nd) 
continue 

if  (icount.  It.  np)go  to  2300 

format(5x, 'PCR' ,8x, 'membership ' ,/) 

format(2x,f6.2,10x,f6.3) 

format(/// , 'pavement  section  no.',i5,//) 

stop 
end 
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c       PROGRAM    DM 

r      This    program    is    used    Co    ; 

(-  I.    obtain    the    fuzzy    pri  or  i  t  i  r*s    from   attribute    values 

c  2.    rank    the    fuzzy    priorities 

c 

Implicit  real  (a-z) 

dimension  nav( 3) ,mu( 1000) ,mumax( 105) ,mus( 50, 105) 

dimension  suput( 50) ,ut ( 105) ,bb(50 ,5) ,db(50 ,5) ,mut ( 1000 ,  105) 

dimension  at ( 3,50) ,aat ( 3) ,atmu( 3 , 50) ,uut (5) ,duut(5) 

integer  i,j,k,kl,k2,k3,l,n,m,ii,nt,nav,ne 
c 

c   Read  the  number  of  pavement  sections 
c 

read  *,n 
c 

c   Read  attribute  values 
c 

do  5000  i=l,n 
c 

do  200  j=l,3 
c 

read  *,nav(j) 
c 

do  100  k=l,nav(j) 

read  *,  at( j,k) ,atmu( j,k) 
100     continue 
c 

200    cont  i  nue 
c 

c      Form  attribute    tuples 
c 

nt=nav( 1 )*nav(2)*nav(3) 
c 

L  L  =  l 
c 

do    1000   k1=l,nav(l) 

mu(ii)=atmu( l,kl) 

do   800   k2=l,nav(2) 

if    (k2.    eq.    1)    dum2=rau(ii) 

if    (k2.    gt.    I)   mu(ii)=dum2 

if    (mu(ii).    It.    atmu(2,k2))    go    to   500 

inu(ii  )=atmu(2,k2) 
500  continue 

do    600   k3=l,nav(3) 

if    (k3.    eq.    1)    duml=mu(ii) 

if    (k3.    gt.    1)    mu(ii)=duml 

if    (mu(ii).    It.    atrau(3,k3))    go    to   550 

mu(ii )=atmu( 3,k3) 


550 

cont  inue 

c 

ii=ii+l 

600 

conti  nue 

800 

cont  inue 

277 


1000    continue 

c 

c   Obtain  the  corresponding  utilities 

c 

suput( i )= 1 .0 
c 

ii  =  l 
c 

do  2000  kl=l,nav(l) 

do  1800  k2=l,nav(2) 

do  1600  k3=l,nav(3) 
c 

aat(l)=at(l,kl) 

aat(2)=at(2,k2) 

aat(3)=at(3,k3) 
c 

call  interpol(ii ,uut , duut ,ne ,aat , i,db ,bb,m) 
c 

c   obtain  the  fuzzy  utilities 
c 

call  fuzzut(uut ,duut , ii ,ne ,ut ,mut) 


'* 

c 

ii=ii+l 

1600 

continue 

1800 

continue 

2000 

continue 

c 

c 

do  2400  1=1,91 

c 

c   Initialize 

c 

mus(i,l)=0.0 

c 

c   Obt 

ain  a  fuzzy  priority  value  for  the  section 

c 

do  2300  ii=l,nt 

if  (mut(ii,l).  eq.  0.0)  go  to  2100 

if  (suput(i).  gt.  ut(l))  go  to  2100 
c 

suput(i)=ut(l) 
2100   continue 
c 

if  (mut(ii,l).  It.  mu(ii))  go  to  2200 

dum=mu(ii) 

go  to  2250 
2200    dum=mut(ii,l) 
2250   continue 
c 

if  (mus(i,l).  gt.  dum)  go  to  2300 

mus(i ,l)=dum 


278 


2300    continue 

2400   continue 

c 

5000    continue 

c 

c   Form  the  maximizing  set 

c 

supp=0.0 
c 

do  6000  i=l,n 

if  (supp.  gt .  suput(i))  go  to  6000 

supp=suput (i) 
6000   continue 
c 

do  7000  1=1,91 

if  (ut(l).  gt.  supp)  go  to  7100 

mumax(l)=ut(l)/supp 
7000   continue 
7100   continue 
c 

c   Calculate  a  relative  rank  for  the  section 
c 

write(6,8400) 
8400    format ( 'section' ,3x, 're  1.  priority',///) 
c 

do  9500  i=l  ,n 
c 

opt=0.0 
c 

do  9000  1=1,91 

if  (mus(i,l).  It.  mumax(D)  go  to  8500 

mus ( i , 1 ) =mumax ( 1 ) 
8500   continue 

if  (opt.  gt.  mus(i.l))  go  to  9000 

opt  =mus(i,l) 
c 

9000    continue 
c 

write  (6,910Q)i,opt 
9100    format(2x,i5,x,fl0.3,/) 
c 

9500    continue 
c 

stop 

end 
c 
c 
c 


c 


subroutine  interpol(ii ,uut ,duut ,ne ,aat , i ,db ,bb,n) 


c   Given  the  attribute  values,  this  subroutine  calculates 
c   the  corresponding  relative  priority  of  the  section. 
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implicit  real  (a-z) 

dimension  aat(3) ,utst( 5, 50) ,wkarea(50) ,dutst(5, 50) ,bb( 50,5) 

dimension  atst(3 ,50) ,a(50,50) ,b(50, 1 )  ,db(50,5),uut( 5) ,duut( 5) 

integer  i  i , i ,nn,n ,ne ,k,kk,  j , j j , 1 , 11 ,m,ia, idgt , ler 
c 

c   Read  utilities  provided  by  experts  and  the  corresponding 
c   attribute  values, 
c 

if  (ii.  gt.  1)  go  to  130 

if  (i.  gt.  1)  go  to  130 
c 

read  *,n,ne 
c 

nn=3*n+l 

m=l 

idgt=0 

ia=50 
c 

do  100  k=l,nn 

read  *,atst(l,k),atst(2,k),atst(3,k) 
100    continue 
c 

do  125  k=l ,nn 

do  110  1=1, ne 

read  *,uts t(l ,k) ,dutst( 1 ,k) 
1 10    continue 
125    continue 
130    continue 
c 
c 

do  1800  1=1, ne 
c 

11=1 
150    continue 

if  (ii.  gt.  1)  go  to  1100 

if  (i.  gt.  1)  go  to  1100 
c 

do  300  k=l,nn 
c 

if  (11.  eq.  1)  b(k,l)=utst(l,k) 

if  (11.  eq.  2)  b(k , 1 )=dutst(l , k) 

a(k,l)=1.0 
c 

do  200  j=l,n 
c 

jj=3*j-l 

a(k,jj)=atst(l,k)**j 

a(k,jj+l)=atst(2,k)**j 

a(k,jj+2)=1.0/atst(3,k)**j 


c 

200 

continue 

300 

continue 
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c   Solve  the  set  of  3n+l  simultaneous  equations 
c   and  store  the  solution  in  b  vector. 


c 


c 


call  loq  tl f(a,m,nn,ia,b,idgt .wkarea , ier ) 


c   Find  the  utility  corresponding  to  the  attributes 
c   given  in  the  main  program 


do  1000  k= 

if  (11.  eq 

if  (11.  eq 

1000 

continue 

1100 

continue 

c 

if  (11.  eq 

if  (11.  eq 

1  ,nn 

.  1)  bb(k,l)=b(k,l) 

.  2)  db(k,l)=b(k,l) 


1)  aut=bb(l,l) 

2)  autl=db(l,l) 


do  1300  k=l ,n 

kk=3*k-l 
c 

aut=aut+bb(kk,l)*aat(l)**k 

aut=aut+bb(kk+l ,l)*aat(2)**k 

nut=aut+bb(kk+2,l)/aat(3)**k 

autl=autl+db(kk,l)*aat(l)**k 

autl=autl+db(kk+l,l)*aat(2)**k 

autl=autl+db(kk+2,l)/aat(3)**k 
1300   continue 
c 

if  (11. eq.  2)  go  to  1500 

uut(l)=aut 

go  to  1600 
1500   duut(l)=autl 
c 
1600   continue 

if  (11.  eq.  2)  go  to  1800 

11=2 

go  to  150 
1800   continue 
c 

return 

end 
c 
c 
c 


<: 


subroutine    fuzzut(uut ,duut,ii ,ne ,ut,mut ) 


c      This   subroutine    calculates    the   fuzzy   utilities,    given 
c      the   assigned  utilities   and    the    ranges    of    each   expert. 


c 


implicit  real  (a-z) 

dimension  uut( 5) ,duut ( 5) ,ut( 105) ,mut ( 1000 , 105 ) 
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integer  Li, ne, 11,1 
c 

c   Initialization 
c 

do  100  11=1,91 

mut(ii,ll)=0.0 
100    continue 
c 

do  1000  1=1, ne 

do  500  11=1,91 
c 

c   Use  a  standard  interval  for  utilities 
c 

ut(ll)  =  1.0+(ll-l)*().l 

if  (ut(lL).  It.  uut(l))  go  to  500 

if  (ut(ll).  gt.  (uut(l)+duut(l)))  go  to  500 
c 

mut(ii,ll)=mut(ii,ll)+l 
c 

500  continue 
1000  continue 
c 

do  1500  11=1,91 

if  (mut(ii.ll).  eq.  0.0)  go  to  1500 

mut(ii,ll)=mut(ii,ll)/ne 
1500   continue 
c 

return 

end 
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c   PROGRAM  REGRESS 

c   this  program  can  be  used  to  : 

c      i.   obtain  the  fuzzy  coefficients  of  the  linear  regression 

c         equation  between  the  roadmeter  reading  and  PSR. 

c     ii.   to  calculate  the  fuzzy  PSR  for  a  given  roadmeter  reading. 

c 

c 

implicit  real(a-z) 

dimension  rr(30) ,mu(50,30) 

integer  i, j,k,l,ra,n,ii ,nn 
c 

c   read  the  input  data  :  roadmeter  reading  and  PSR 
c 

read  *,n,H 

write(6,370) 

write(6,380)n,H 
c 

do  5  j=l ,n 

read  *,  rr(j) 
do  2  1=1,50 
read  *,  mu(i,j) 
2         continue 
5      continue 
c 

c   read  the  initial  values  of  the  parameters: 
c 

read  *,  alphl ,alph2 ,delphl ,delph2 ,delcl  ,delc2 

write(6,385) 

write(6,390)alphl ,alph2 
c 

d  =  1.0 
c 

do  1000  nn=l,20 

a=1.0 

alphal=alphl+(nn-l)*delphl 

go  to  20 
c 
10     a=-1.0 

alphal=alphl-(nn-l )*delphl 
c 

20     continue 
c 

do  800  m=l,10 
b=1.0 

alpha2=alph2+(m-l )*delph2 
go  to  40 
c 
30        b=-1.0 


alpha2=alph2-(m-l )*delph2 


c 

40        continue 


c 


do  600  1=1,50 
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c 

c 


c 
c 


c 


c 
c 


cl=(l-l)*delcl 

if  (cl.  gt.  d)go  to  700 


do  400  k=l,20 

c2=(k-l)*delc2 

if  (c2.  gt.  d)go  to  700 


do  300  j=l,n 
c 

do  50  1=1,50  * 

if  (mu(i,j).  eq .  0.0)  go  to  50 

minx=i 

go  to  60 
50  continue 

c 

60  continue 

c 

do  80  i=l,50 

il=50-i 

if  (mu(ii,j).  eq.  0.0)  go  to  80 

maxx=ii 

go  to  90 
80  continue 

c 
90  continue 


alpha=10.0*(alphal+alpha2*rr( j)) 
c=10.0*(cl+c2*rr(j)) 

maxs=alpha+c 
mins=alpha-c 

if    (maxx.    gt .    maxs)    go    to   400 
if    (minx.    It.    mins)    go   to   400 


do  150  1=1,50 

if  (i.  It.  minx)go  to  150 

if  (i.  gt.  alpha)go  to  160 
c 

hl=l-(alpha-i)/c 

diffl=hl-mu(i,j) 
c 

if  (diffl.  It.  0.05)  go  to  160 
150  continue 

c 

160  continue 

c 

do  250  i=l,50 

ii=50-i 

if  (ii.  gt .  maxx)  go  to  250 
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if  (ii.  It.  alpha)  go  to  260 
h2=l-(ii-alpha)/c 
dif f2=h2-mu(ii,j) 
c 

if  (diff2.  It.  0.05)go  to  260 
250  continue 

c 

260  continue 

c 

if  (hi.  It.  h2)go  to  280 
hl=h2 
280  if  (hi.  ge.  H)  go  to  300 

go  to  400 
c 

300  continue 

c 

c   store  the  set  giving  the  least  cl+c2 
c 

if  (  (cl+c2).  gt.  d)  go  to  700 
d=cl+c2 
alpl=alphal 
alp2=alpha2 
ccl=cl 
cc2=c2 
go  to  700 
c 

400  continue 

c 

600  continue 

c 

700       if  (b.  gt.  0.0)  go  to  30 
800       continue 
c 

if  (a.  gt.  0.0)  go  to  10 
1000   continue 
c 

c   print  the  fuzzy  parameters 
c 

write(6,350) 

write(6,360)alpl ,alp2,ccl ,cc2 
350  format(2x, 'alphal ' ,5x, 'alpha2 ' ,7x, 'cl ' ,9x, 'c2 ' ,/ ) 

360  format(2x,f4.2,5x,f8.6,5x,f4.2,5x,f9.7) 

370  format( 'no.  of  sets  '  ,3x, 'degree  of  fitting'/) 

380  format(3x,i3,10x,f4.3,//) 

385  format( 'trial  alphal ' ,3x, 'trial  alpha2',/) 

390  format(4x,f4.2,8x,f8.6,//) 

stop 
end 
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r   PROGRAM  LIFE 

c   This  program  Is  used  to  calculate  the  fuzzy  PSI 

c   Life  of  a  pavement. 

c 

c 

implicit  real  (a-z) 

dimension  t(50) ,pr( 15) ,up(15) , ti(50) , t j(50) 
dimension  mUpr( 15) ,muup( 15) ,muat(60) 
integer  i,j,k,jj 
c 

c   Read  input  data 
c     1.  performance  vs.  time 
c 

do  100  i=l,50 

read  *,  t(i) 
100     continue 
c 

c    2.  present  performance  level 
c 

do  200  j=l,15 

read  *,  pr(j),  mupr(j) 
200     continue 
c 

c    3.  unacceptable  performance  level 
c 

do  300  3=1,15 

read  *,  up(j),  muup(j) 
300     continue 
c 

c   calculate  times  corresponding  to  present 
c  and  unacceptable  levels 
c 

do  1000  1=1,50 

p=4.2-0.1*i 
c 

do  600  j=l,15 

if  (pr(j).  ne.  p)  go  to  350 

ti(j)=t(i) 
350     continue 
c 

if  (up(j).  ne.  p)  go  to  450 

tj(j)=t(i) 
450     continue 
1000    continue 
c 

c   calculate  the  fuzzy  serviceability  life 
c 

do  2000  jj=l,15 

do  1500  j-1,15 
c 

tk=tj(jj)-ti(j) 

if  (tk.  le.  0.0)  go  to  1500 
c 
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mu  =muup(jj) 

if  (mu.  It.  mupr(j))  go  to  1100 

mu  -  mu  p  r  (  j ) 
L 100    continue 
c 

do  1200  k=l,60 

kk=k/10.0 

if  (abs(tk-kk).  gt.  0.05)  go  to  1200 

if  (mu.  It.  muat(k))  go  to  1200 

muat(k)=mu 
1200    continue 
1500    continue 
2000    continue 
c 

c   print  the  fuzzy  serviceability  life 
c 

do  3000  k=l,60 

kk=k/10.0 

if  (muat(k).  It.  0.01)  go  to  3000 

print(6,3100)  kk,muat(k) 
3000    continue 
c 
3100    format(2f8.3) 

end 

stop 
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